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Executive Summary

Integral to the acceptance of MNA
and EA as part of a remediation
system is documenting the
sustainability of the attenuation
mechanisms. As many sites are
located in complex hydrogeologic
settings, documentation of
sustainability will require the use of
complex models that have the
capabilities to mathematically
represent the various attenuation
mechanisms. To address this need a
team of researchers developed
specific reaction modules for
complex chlorinated solvent
reactions that occur in the
subsurface. These reaction modules
support the RT3D model.

WSRC-STI-2006-00174, Rev. 0
October 11, 2006
Page iv of vii
Introduction

Over the past three decades, much progress
has been made in the remediation of soil and
groundwater contaminated by chlorinated
solvents. Yet these pervasive contaminants
continue to present a significant challenge to
the U.S. Department of Energy (DOE), other
federal agencies, and other public and private
organizations. The physical and chemical
properties of chlorinated solvents make it
difficult to rapidly reach the low
concentrations typically set as regulatory
limits. These technical challenges often result
in high costs and long remediation time
frames. In 2003, the DOE through the Office
of Environmental Management funded a
science-based technical project that uses the
U.S. Environmental Protection Agency’s
technical protocol (EPA, 1998) and directives
(EPA, 1999) on Monitored Natural
Attenuation (MNA) as the foundation on

which to introduce supporting concepts and new scientific developments that will support
remediation of chlorinated solvents based on natural attenuation processes. This project
supports the direction in which many site owners want to move to complete the
remediation of their site(s), that being to complete the active treatment portion of the
remedial effort and transition into MNA.

The overarching objective of the effort was to examine environmental remedies that are
based on natural processes — remedies such as Monitored Natural Attenuation (MNA) or
Enhanced Attenuation (EA). The research program did identify several specific
opportunities for advances based on: 1) mass balance as the central framework for
attenuation based remedies, 2) scientific advancements and achievements during the past
ten years, 3) regulatory and policy development and real-world experience using MNA,
and 4) exploration of various ideas for integrating attenuation remedies into a systematic
set of “combined remedies” for contaminated sites. These opportunities are summarized
herein and are addressed in more detail in referenced project documents and journal
articles, as well as in the technical and regulatory documents being developed within the
ITRC.

Three topic areas were identified to facilitate development during this project. Each of
these topic areas, 1) mass balance, 2) enhanced attenuation (EA), and 3) innovative
characterization and monitoring, was explored in terms of policy, basic and applied
research, and the results integrated into a technical approach. Each of these topics is
documented in stand alone reports, WSRC-STI-2006-00082, WSRC-STI-2006-00083,
and WSRC-STI-2006-00084, respectively. In brief, the mass balance efforts are
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examining methods and tools to allow a site to be evaluated in terms of a system where
the inputs, or loading, are compared to the attenuation and destruction mechanisms and
outputs from the system to assess if a plume is growing, stable or shrinking. A key in the
mass balance is accounting for the key attenuation processes in the system and
determining their rates. EA is an emerging concept that is recognized as a transition step
between traditional treatments and MNA. EA facilitates and enables natural attenuation
processes to occur in a sustainable manner to allow transition from the primary treatment
to MNA. EA technologies are designed to either boost the level of the natural attenuation
processes or decrease the loading of contaminants to the system for a period of time
sufficient to allow the remedial goals to be met over the long-term. For characterization
and monitoring, a phased approach based on documenting the site specific mass balance
was developed. Tools and techniques to support the approach included direct measures
of the biological processes and various tools to support cost-effective long-term
monitoring of systems where the natural attenuation processes are the main treatment
remedies. The effort revealed opportunities for integrating attenuation mechanisms into a
systematic set of “combined remedies” for contaminated sites.

An important portion of this project was a suite of 14 research studies that supported the
development of the three topic areas. A research study could support one or more of
these three topic areas, with one area identified as the primary target. One of the most
important development targets is related to modeling tools to support MNA and EA
decisions. In recognition of the varying conditions and complexity that occur at real-
world facilities and the need for a site specific approach, the portfolio of modeling and
decision-making research projects was selected to be diverse. The four associated
projects were specifically selected to include an MNA/EA screening system, simplified
analytical models, key modular developments for more complex numerical models, and
decision support tools. By investing in this breadth of projects, the effort supports a
philosophy of matching the evaluation tool(s) to the subject site and the research
provided concrete and usable products.

The following reports document the results of the development of reaction modules that
will support natural and enhanced attenuation of chlorinated solvents for the RT3D three-
dimensional reactive transport model. This effort was led by Michael Truex and
Christian Johnson of Pacific Northwest National Laboratory. This study supports the
topic area(s) of mass balance and Enhanced Attenuation with characterization and
monitoring being a secondary development area. The objective of the study was to
develop specific reaction modules for complex chlorinated solvent reactions that occur in
the subsurface. The resulting product is three reports. The first, Attachment 1, Natural
and Enhanced Attenuation of Chlorinated Solvents Using RT3D, identifies when various
types of models are appropriate, the attenuation processes available for simulation in
RT3D, a discussion of potential dechlorination reactions, and the general approach for
using the RT3D reaction modules that support MNA. The second product, Attachment 2,
RT3D Reaction Modules for Natural and Enhanced Attenuation for Chloroethanes,
Chloroethenes, Chloromethanes, and Daughter Products, provides the details of the
reaction kinetics, data input requirements, and an example for each of the new reaction
modules. The third product, Attachment 3, rtFLux: RT3D Flux Plane Utility, presents a
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software utility that provides the results in terms of mass flux. In recognition of the
importance of mass balance to MNA and EA decisions, this postprocessor that runs in
excel was developed to allow modeling results from RT3D to be presented as cross
sections that graphically depict the “mass flux” in different parts of the subsurface
system. This type of tool is an example of a simple yet powerful technique to improve
conceptual understanding of a plume and to target and optimize any remediation —
whether the goal is primary source treatment/removal or EA.

As more site owners consider natural attenuation based remedies as part of their
treatment plans, incorporating reaction modules representative of the dechlorination
reactions that occur to chlorinated solvents in the subsurface into fate and transport
models will increase their usefulness in decision-making. Typically high-end, multi-
dimensional, numerical models such as RT3D are chosen because the unit being modeled
has great complexity and/or there is a need to predict future conditions. By incorporating
new modules that simulate dechlorination reactions along with the existing non-
biological attenuation processes supports the user in performing a more complete mass
balance calculation. This is true whether evaluating a site for MNA or Enhanced
Attenuation (EA) treatment, as EA treatments are designed and constructed to promote
natural attenuation processes being sustainable for the time period needed to meet the
overall treatment objectives.

This research effort provides added capabilities to an already valuable tool in the
modeling toolbox. Potential users are encouraged to consider their site characteristics
when selecting the model of choice for their site. Figure 1, in the attached Natural and
Enhanced Attenuation of Chlorinated Solvents Using RT3D document, or the Scenarios
Evaluation Tool for Chlorinated Solvent MNA (Truex et al., 2006) both provide guidance
on model selection based on site characteristics.
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Summary

RT3D (Reactive Transport in 3-Dimensions) is a reactive transport code that can be applied to
model solute fate and transport for many different purposes. This document specifically
addresses application of RT3D for modelling related to evaluation and implementation of
Monitored Natural Attenuation (MNA). Selection of MNA as a remedy requires an evaluation
process to demonstrate that MNA will meet the remediation goals. The United States
Environmental Protection Agency, through the Office of Solid Waste and Emergency Response
(OSWER) Directive 9200.4-17P, provides the regulatory context for the evaluation and
implementation of MNA. In a complementary fashion, the context for using fate and transport
modelling as part of MNA evaluation is described in the EPA’s technical protocol for chlorinated
solvent MNA, the Scenarios Evaluation Tool for Chlorinated Solvent MNA, and in this
document. The intent of this document is to describe 1) the context for applying RT3D for
chlorinated solvent MNA, 2) the attenuation processes represented in RT3D, 3) dechlorination
reactions that may occur, and 4) the general approach for using RT3D reaction modules
(including a summary of the RT3D reaction modules that are available) to model fate and
transport of chlorinated solvents as part of MNA (potentially in combination with selected types
of active remediation).
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1.0 Introduction

RT3D (Reactive Transport in 3-Dimensions) [Clement, 1997; Clement et al., 1998, Clement and
Johnson, 2002] is a reactive transport code that can be applied to model solute fate and transport
for many different purposes. This document specifically addresses application of RT3D for
modelling related to evaluation and implementation of Monitored Natural Attenuation (MNA).
Selection of MNA as a remedy requires an evaluation process to demonstrate that MNA will
meet the remediation goals. The United States Environmental Protection Agency (U.S. EPA),
through the Office of Solid Waste and Emergency Response (OSWER) Directive 9200.4-17P
[U.S. EPA, 1999a], provides the regulatory context for the evaluation and implementation of
MNA. In a complementary fashion, the context for using fate and transport modelling as part of
MNA evaluation is described in the EPA’s technical protocol for chlorinated solvent MNA [U.S.
EPA, 1998], the Scenarios Evaluation Tool for Chlorinated Solvent MNA [Truex et al., 2006],
and in this document. The intent of this document is to describe 1) the context for applying
RT3D for chlorinated solvent MNA, 2) the attenuation processes represented in RT3D, 3)
dechlorination reactions that may occur, and 4) the general approach for using RT3D reaction
modules (including a summary of the RT3D reaction modules that are available) to model fate
and transport of chlorinated solvents as part of MNA or for combinations of MNA and selected
types of active remediation.

This document provides the following information related to applying RT3D for chlorinated
solvent MNA. Section 2.0 is an overview of MNA. In Section 3.0, an overview of reactive
transport modelling for MNA is presented. Section 4.0 provides a discussion of specific roles for
modelling as part of MNA evaluation and implementation. A description of how RT3D models
reactive transport is presented in Section 5.0. In Section 6.0, the specific reactions for the
chlorinated species that are included in the RT3D reaction modules for MNA are described.
Section 7.0 discusses how to select the RT3D reaction module based on contaminants and the
type of modelling that is required at the site. Section 8.0 describes the process for applying a
reaction module for fate and transport modelling.






2.0 Overview of MNA

Monitored Natural Attenuation is an environmental management strategy that relies on a variety
of attenuation processes to degrade or immobilize contaminants and is implemented at
appropriate sites by demonstrating that contaminant plumes have low risk and are either stable or
shrinking. The U.S. EPA “Use of Monitored Natural Attenuation at Superfund, RCRA
Corrective Action, and Underground Sorage Tank Stes” OSWER Directive [U.S. EPA, 1999a],
hereafter referred to as the “OSWER MNA Directive,” is the primary document describing the
regulatory context for MNA. The natural attenuation (NA) processes recognized in the OSWER
MNA Directive are delineated in the following quotation [U.S. EPA, 1999a, page 3].

The “natural attenuation processes’ that are at work in such a remediation
approach [MNA] include a variety of physical, chemical, or biological processes
that, under favorable conditions, act without human intervention to reduce the
mass, toxicity, mobility, volume, or concentration of contaminants in soil or
groundwater. These in-situ processes include biodegradation; dispersion;
dilution; sorption; volatilization; radioactive decay; and chemical or biological
stabilization, transformation, or destruction of contaminants.

The OSWER MNA Directive outlines a three-tiered approach that has generally been used for
evaluating the suitability of MNA as a remedy. This approach includes use of:

1.

Historical groundwater and/or soil chemistry data that demonstrate a clear and
meaningful trend of decreasing contaminant mass and/or concentration over time at
appropriate monitoring or sampling points. (In the case of a groundwater plume,
decreasing concentrations should not be solely the result of plume migration. In the case
of inorganic contaminants, the primary attenuating mechanism should also be
understood.)

Hydrogeologic and geochemical data that can be used to demonstrate indirectly the
type(s) of natural attenuation processes active at the site, and the rate at which such
processes will reduce contaminant concentrations to required levels. (For example,
characterization data may be used to quantify the rates of contaminant sorption, dilution,
or volatilization, or to demonstrate and quantify the rates of biological degradation
processes occurring at the site.)

Data from field or laboratory microcosm studies (conducted in or with actual
contaminated site media) which directly demonstrate the occurrence of a particular
natural attenuation process at the site and its ability to degrade the contaminants of
concern (typically used to demonstrate biological degradation processes only).

Specific steps for determining whether MNA can meet remediation goals for chlorinated solvents
are provided in the Technical Protocol for Evaluating Natural Attenuation of Chlorinated
Solvents in Ground Water [U.S. EPA, 1998], referred to here as the “EPA MNA Protocol.”



Briefly, this protocol outlines data and analysis requirements that include 1) site characterization,
2) an initial screening assessment to verify that site conditions are consistent with the conditions
needed for NA processes, 3) developing “lines of evidence” that NA is occurring, and 4)
demonstrating (e.g., through fate and transport modelling) that NA is likely to mitigate plume
migration and meet remediation goals. If MNA is selected as the remedy, it is implemented
using a monitoring plan designed to verify that NA processes continue to attenuate the plume
and that remediation goals are met over time.

The Scenarios Evaluation Tool for Chlorinated Solvent MNA [Truex et al., 2006] provides a
framework that links the MNA evaluation and associated decision logic to key site
characteristics and known natural attenuation phenomena. The approach is to take the wide
spectrum of chlorinated solvent sites (e.g., different sources, hydrogeology, geochemistry,
degradation process) and sort them into one of 13 different MNA scenarios. By applying a
taxonomic system, users can determine which scenario best describes their plume (or a segment
of their plume). Each scenario contains information about how to proceed with MNA evaluation
for the type of plumes that fit within the scenario. The approach includes information to
determine when numerical modelling may be needed as part of the MNA evaluation process.

MNA may be a viable single remedy for the site. However, if it is determined that MNA may
not meet remediation goals, Enhanced Attenuation (EA) approaches may be considered. The EA
approach is to use a remediation technology that is a sustainable enhancement to natural
attenuation either through reduction of source flux (loading) to the plume or through enhancing
the attenuation processes. More aggressive source control may also be necessary for sites where
incremental enhancements alone are unlikely to be sufficient.

EA approaches can be categorized by the different zones to which they are applied: source zone
(reduction of contaminant mass flux to plume); plume (enhanced attenuation processes); or
discharge zone (enhanced attenuation processes). Within the source zone, enhancements can be
applied as a hydraulic manipulation or as a passive source reduction. Within the plume and
discharge zone, either biological (microbial or plant based) or abiotic (abiotic degradation,
reactive barriers, sorption) attenuation processes can be enhanced. More detailed information
about EA technologies is available in Early et al. [2006].

Source control actions include active remediation of the source area through biological or
chemical remediation processes (e.g., bioremediation, thermal treatment, chemical oxidation,
solvent flushing) or active containment approaches such as pump-and-treat. These actions are
more active/aggressive source reduction and containment approaches, which may be needed for
strong source areas that have a significant mass of contamination feeding the plume.



3.0 Overview of Reactive Transport Modelling for MNA

The concept of a mass balance between the loading and attenuation of contaminants in a
groundwater system provides a framework for conceptualizing and documenting the relative
stability of a contaminant plume. Thus, a mass balance concept has significant potential to
support appropriate implementation of MNA or EA. For a mass balance to be useful in
engineering practice, however, it is necessary to quantify it in practical ways that facilitate
overall site remediation and which are consistent with existing regulatory guidance. Fate and
transport modelling can be used for implementing this type of plume analysis and providing a
technical basis for evaluating MNA as a remedy when simpler evaluations are not suitable.

The type of model applied at a specific site is dependent on the site conditions and the intended
use of the model. The discussion here is limited to models for solute transport under saturated
conditions. In addition to the conceptual model, which is a necessary part of any site evaluation,
two basic levels of models that are relevant to MNA modelling are available. Analytical models
(e.g., BIOCHLOR [U.S. EPA, 1999b] or ART3D [Quezada et al., 2003]) are capable of solving
the general transport equation with specific limitations. Three-dimensional multi-species
reactive transport numerical models, such as RT3D, discretize the transport equation and
iteratively solve it within a defined numerical domain. As such, RT3D allows for more detailed
configuration of the model domain to more closely match site features. Selection of the
appropriate level of model for a specific site is dependent on the site conditions and
configuration-related differences between analytical models and numerical models. Table 1
provides a brief overview of considerations for selecting the primary type of modelling analysis
based on site properties, in particular based on whether the geochemistry and hydrology of the
site readily supports a relatively simple description of attenuation and transport processes or
whether the geochemistry and hydrology are complex. Other considerations for model selection
are discussed below.

BIOCHLOR [U.S. EPA, 1999b] and ART3D [Quezada et al., 2003 and 2004; Clement, 2001 ]
are analytical models that have been established specifically for use in modelling MNA. For
analytical models, the solution technique typically requires assumptions of uniform hydraulic
properties throughout the domain, uniform steady-state groundwater flow (in some case limited
to one-dimensional advection), simple boundary conditions, simple source geometry, first-order
contaminant transformation with rates constant within a defined area (in some cases for a single
decay pathway), and uniform linear equilibrium partitioning. Analytical models can be useful in
providing estimates of contaminant migration for plumes where these assumptions can be
technically supported based on the site conditions. For instance, consider a plume with a well-
defined contaminant source of TCE within a relatively homogeneous, thin aquifer that is
bounded by aquitards or by an aquitard and the water table and where the aquifer has relatively
constant methanogenic conditions throughout the plume. In this case, the assumptions required
for use of an analytical model are appropriate.



Table 1. Considerations for Selecting a Modelling Approach Based on Ste Properties

Sites with supportive

geochemical / hydrologic Sites with hydrologic and / or

geochemical complexity / challenges

conditions
. . . Plume stability Documented plume Geochemical Attenuation
Simple site with . o .

. stable or & geochemical | growth or outcrop or | conditions uncertain Process
Modelllng shrinking plume footprints perturbed — may be and/or complex Enhancement
Approach 9p uncertain stable in the future hydrologic conditions Evaluation
Conceptual Model —

Identify contributing

processes and the @) O o o o
active zones within

a plume.

Conceptual Model

plus Analytical O o O @) @)

Model or Mass
Balance Calculation

Conceptual Model,
possible Analytical

1
Model, and ® = O O o o
Numerical Model
NOTES: KEY-
! Numerical modelling is not necessarily preferred because costs may not be justifiable for
the offsetting benefits in terms of uncertainty reduction, monitoring optimization, etc. O O o
However, numerical models may be selected if it is necessary to provide better estimates —_—
of time frames and better assurance of meeting certain types of remediation goals (e.g., Better Worse

concentration targets) than can be obtained with analytical modelling.

Conceptual models are good to use for planning and site management, but may not be suited as primary support for decision
making at complex sites or sites that have high uncertainty because conceptual models do not allow testing of uncertainty and
parameter sensitivity and do not strongly support a detailed evaluation of enhancements.

RT3D numerical modelling is needed when site conditions cannot be described under the
simplified flow, reaction, or adsorption process assumptions that are required for use of
analytical models. The groundwater flow system at a site may not be uniform because of a
complex distribution of hydraulic conductivity, complex recharge/discharge elements, or
transient flow conditions. Sources distributed in multiple locations, multiple contaminant
species with multiple reaction pathways, and multiple oxidation/reduction conditions within the
plume area cause complexities in modelling the reaction processes at a site. In some cases,
assumption of linear equilibrium sorption is not appropriate, depending on the nature of the
contaminant and the aquifer solids. For site conditions that include any or all of these
complexities, RT3D is a more appropriate tool for modelling than use of analytical models.

Similar to analytical models, RT3D has some limitations in how it can be configured to match
site conditions. A discrete numerical model cannot describe all of the nuances for each term
within the transport equation. That is, RT3D cannot exactly reproduce reality because of




limitations in representing effects of the reactive transport processes at multiple scales and/or
because our understanding of the processes is limited. However, compared to analytical models,
RT3D can be configured to more closely match the site conditions and processes. In addition,
there are also limitations in the type and quality/quantity of data that are available at any site to
develop the parameters/coefficients required for the equations solved by RT3D.

A numerical model (e.g., using RT3D) can provide information to help analyze the relative
importance of different fate and transport processes at an individual site and assess the plume in
terms of a mass balance approach. The model can also be used to estimate the future fate and
transport of contaminants. These predictions can be valuable input, along with other site
information, in making timely decisions regarding implementation of remedial actions or for
planning monitoring activities. A key function of the predictive capability of models is to
estimate whether the remedy will meet the remediation goals when this determination cannot be
made directly with field data. Numerical models, in particular, have the computational ability to
estimate the interaction of multiple processes temporally and spatially for scenarios that would
be difficult to assess with analytical methods.






4.0 Role of Modelling for MNA

The analysis and predictive functions of modelling are important within the context of applying
MNA to 1) help analyze the relative importance of different attenuation and transport processes
within a plume, 2) provide timely decision support, for instance, when there is insufficient
temporal monitoring data available, 3) evaluate MNA as a remedy to replace existing remedies
(e.g., P&T) that have perturbed the plume such that data to establish whether the plume is stable
will not be available for a long time, 4) evaluate combinations of other remedial actions (e.g.,
Enhanced Attenuation) and MNA, and 5) help interpret monitoring data for transient plumes.

There are two basic capabilities of RT3D that can be applied for multiple purposes in applying
MNA. The first capability is to estimate the interaction of multiple processes for fate and
transport of contaminants. RT3D can also estimate the future fate and transport of contaminants
and, in particular, estimate whether the MNA or MNA/EA remedy will meet remediation goals.
The following sections describe these capabilities within specific roles of MNA modelling.

4.1 Attenuation Process Evaluation

RT3D can be used to assess the relative importance of attenuation processes under the specific
conditions of a site. The natural attenuation capacity of the aquifer is defined as the sum of the
processes that are active within the aquifer being evaluated. The rate of these processes is a
function of contaminant concentration and other parameters that can vary spatially and, in some
cases, temporally. Modelling analysis of these processes can provide a quantitative basis for
refining the conceptual model of the site.

As a simplification, the capacity of each process to attenuate contamination can be calculated
using averaged conditions for the site or for distinct portions of the site. However, to assess how
these attenuation processes impact fate and transport of the contamination, the processes must be
coupled and solved within a transport equation.

4.2 Timely Decision Support

If sufficient field data are not available to determine directly whether MNA will meet
remediation goals, modelling, with appropriate input to describe the attenuation processes at the
site, can be used to estimate whether the goals can be met. The modelling estimate and other
relevant attenuation evidence provide the basis for a decision on whether to implement MNA.
Continued monitoring can then be applied to verify whether the plume is behaving as expected
and that remediation goals are met over time.

Example: Site “A” received waste petrochemical liquids from 1962 through 1973 in an open pit.
The waste pit leaked dense non-aqueous-phase liquid (DNAPL) into a thin, moderately
permeable, silt/sand unit in the subsurface where the groundwater is relatively stagnant. DNAPL
contamination at the site is confined to this unit. However, the groundwater of this unit slowly



flows into a deeper sandy paleo-channel through several hydraulic conduits in the intervening
clay that separates the upper silt/sand unit from the paleo-channel. Over the forty years since the
waste was initially disposed of, a dissolved-phase plume of the more soluble chlorinated ethene
and chlorinated ethane compounds in the waste has developed in this channel. Characterization
data were collected for the plume over a period of about 5 years. The U.S. EPA MNA Protocol
[U.S. EPA, 1998] was applied at the site and it was determined that there are significant
attenuation processes active. However, it was not clear from the data whether the plume was
stable or shrinking.

A numerical model was used to evaluate migration of the plume toward the identified receptors.
Based on the modelling results and the evidence that there are significant attenuation processes at
the site, MNA was approved as the remedy for the site. Monitoring is being conducted to ensure
that remediation goals are met and to verify that the attenuation processes are effectively limiting
plume migration. While there was not direct field evidence that the plume was currently stable
or shrinking at this site, the regulatory agencies were able to support an MNA remedy based on
the model predictions, the lack of risk to receptors in the near future, and the ability to effectively
use monitoring to verify the MNA remedy in the near future as more data is collected to establish
the trends needed to evaluate stability of the plume.

4.3 Transition to MNA from Other Remedies

For sites where another remedy is in place, the transition to MNA may require assessment of a
transient plume with respect to whether MNA will be able to meet remediation goals over time.
For instance, if Pump-and-Treat (P&T) is being applied to all or a portion of a plume, there will
not be direct field evidence available to support a decision to transition to MNA. However,
along with data to quantify the attenuation capacity, numerical modelling can be applied to
predict how the plume will respond if P&T is shut down. Continued monitoring can then be
used to verify whether the plume is behaving as expected and that remediation goals are met over
time.

Example: Site “B” received waste petrochemical liquids from 1969 through 1980 in open pits.
DNAPL migrated from the waste pits into the subsurface below the water table within alluvial
deposits. Free-phase DNAPL was discovered in the subsurface during site characterization.
Because the free-phase DNAPL still had the potential to migrate as a non-aqueous phase,
recovery wells were installed and DNAPL extraction was initiated. In addition to direct DNAPL
extraction, the DNAPL source area was surrounded by groundwater extraction wells designed to
contain the dissolved-phase plume emanating from the source area and to depress the water
table, in theory, to help limit vertical migration of the DNAPL. After about 5 years of operation,
it was determined that the groundwater extraction was not needed to limit vertical migration of
the DNAPL. The site then desired to evaluate natural attenuation as a means to limit migration
of the dissolved-phase plume to protect the downgradient receptors so that groundwater
extraction could be terminated.
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The U.S. EPA MNA Protocol [U.S. EPA, 1998] was applied at the site and it was determined
that there are significant attenuation processes active. A numerical model was used to estimate
how the plume would migrate after the extraction wells were shut down. The modelling results
indicated that the plume is expected to become stable within about 20 years, remain within the
site property line, and not impact any receptors. The EPA approved MNA as the remedy for the
dissolved-phase plume at the site and the groundwater extraction wells were shut down.
Monitoring is being conducted to ensure that remediation goals are met and to verify that the
attenuation processes are effectively limiting plume migration.

4.4 Evaluating Combinations of MNA and EA or Other Remedies

In some cases, MNA alone may not be able to meet remediation goals. EA may be a candidate
to use in conjunction with MNA to meet these goals. However, to determine how to combine
these remedies requires selecting the appropriate EA, determining performance goals for the EA,
and assessing how the conditions created by the EA action will impact the natural attenuation
processes. Numerical modelling can aid in this process by evaluating different scenarios for
applying combined MNA/EA remedies.

For instance, if a plume is growing and it is not expected that natural attenuation processes can
stabilize the plume before receptors are impacted, MNA can still be a component of the
remediation strategy for the plume by 1) coupling MNA with another technology that can
augment the natural attenuation capacity of the plume or 2) removing enough contaminant mass
such that the natural attenuation capacity of the aquifer is sufficient to stabilize the plume. The
role of numerical modelling in this case would be to aid in evaluating different combinations of
technologies with MNA.

4.5 Interpreting Monitoring Data

Interpretation of monitoring data for MNA includes assessing whether natural attenuation
processes are continuing to occur as expected. For plumes that are not at steady state but for
which MNA was selected because the plume was predicted to reach steady state before
impacting receptors, assessing the natural attenuation processes can be conducted, in part, by
comparing the actual temporal changes in the plume to the model-predicted temporal changes in
the plume.

Example: Site “B” (Section 4.3) had used P&T for containment of the dissolved-phase
chlorinated solvent plume. Based on predictive modelling and knowledge of existing attenuation
processes, the EPA approved MNA as the remedy for the dissolved-phase plume at the site and
the extraction wells were shut down.

Monitoring is being conducted to ensure that remediation goals are met and to verify that the
attenuation processes are effectively limiting plume migration. The model results include
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concentration profiles as a function of time for each contaminant species in the dissolved-phase
contaminant plume. Because the source area was hydraulically contained for about 6 years,
contaminant concentrations downgradient of the source area were expected to increase after the
groundwater extraction was stopped over a period of about 20 years before stabilizing.
However, the concentrations are expected to increase at a rate that is much lower than would be
observed if no natural attenuation occurred.

Contaminant concentration profiles are expected to follow a specific pattern based on the
degradation processes observed in site-specific microcosm tests. If the actual contaminant plume
is to become stable, the concentration profiles of each contaminant species should be similar to
the profiles predicted by the model. Thus, the monitoring plan uses a comparison of predicted
concentration profiles to measured concentration profiles to evaluate the performance of the
selected MNA remedy. In the plan, three simulated concentration time profiles along a transect
of the plume were developed using the model. One time profile is based on the model prediction
using the natural attenuation rates that best matched the site data (baseline). Another time profile
is based on a model prediction using biological natural attenuation rates that are 10% of the
baseline rates. The third time profile is based on model predictions with biological natural
attenuation rates set to zero. Because the concentration profile of contaminants downgradient of
the source depend significantly on the magnitude of the biological natural attenuation processes,
comparison of measured and predicted concentrations along a transect is considered to be an
acceptable verification of whether these processes are occurring as expected. The monitoring
plan outlines how the field data collected over time at this transect will be compared to these
three simulated profiles. If the field data is most similar to the baseline natural attenuation
simulated profile, monitoring is continued. If the field data is most similar to either of the other
two simulated profiles, the MNA remedy must be re-evaluated and, potentially, contingency
actions may need to be implemented.
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5.0 Representation of Reactive Transport by RT3D

This section outlines how RT3D is configured for modelling reactive transport. The
configuration of a numerical model must be tailored to the specific site based on the conceptual
model, site hydraulic and reaction/geochemical data, and remediation goals.

RT3D provides a solution technique for the contaminant transport equation. Configuration of the
model consists of determining the appropriate equation terms and setting the spatial and temporal
context for solving the relevant equations. The governing equation for three-dimensional, multi-
species transport in saturated porous media for constant porosity is shown in Equation 1 (adapted
from Zheng and Wang [1999]). This equation shows the combination of all of the attenuation
processes that contribute to the mass balance: dispersion/diffusion, advection, external
sources/sinks, adsorption, and reaction. Equation 1 is a generalized form and it may be
necessary to add terms (i.e., as terms of the reaction component) to describe other processes
(e.g., the dissolution rate of non-aqueous phase liquid, contaminant exchange with the vadose
zone, plant uptake) at a specific site.

rate of sources
change + adsorption = dispersion — advection + /sinks  + reaction
> . 1
C , PGy _ 0 D, oC, _a(v,ck)+$CSk+lzrk (1)
ot 6 ot x| ' oox ox 0 o

In Equation 1, Cy is the concentration of the k" species (M/L3), t is time (T), Dj is the
hydrodynamic dispersion coefficient tensor (L*/T), x; is the distance along the respective axis of
the coordinate system (L), v; is the linear pore water velocity (L/T), gs is the volumetric flow rate
of sources (positive) or sinks (negative) per unit volume of aquifer (L*/T), Cs.x is the
concentration of the k™ species in the sources or sinks (M/L?), 0 is the porosity of the aquifer
(L*/L?), py is the dry bulk density of the subsurface sediments (M/L?), Cy is the concentration of
the k™ species on the solid phase (M/M), and ry represents the reaction terms for transformation
of the k™ species (M/L*/T). Units are specified generically as M = mass, L = length, and T =
time. Note that the linear pore water velocity times the porosity is equal to the specific discharge
(Darcy flux). The reaction term ry may be comprised of multiple terms to account for the
specific reactions occurring.

RT3D obtains groundwater flow velocities from a separate flow model, typically the
MODFLOW code [Harbaugh et al., 2000] with the LMT package [Zheng et al., 2001] active.

Saturated groundwater flow velocities are calculated from the hydraulic-head values that are
computed by MODFLOW. The flow equations used are [Zheng and Wang, 1999]:

Vi=——r —— (2)
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In addition to previously defined variables, K; is the principal component of the hydraulic
conductivity tensor (L/T), h is the hydraulic head (L), and S; is the specific storage coefficient
(1/L) in equations 2 and 3.

To provide meaningful results, initial and boundary conditions must be established for a model
based on actual physical site conditions. Initial conditions are the starting values of species
concentrations (or hydraulic head for MODFLOW). Types of transport boundary conditions
include defined concentrations for model boundary cells, distributed sources (e.g., recharge),
and/or point sources (e.g., wells, rivers, drains, etc.).

There are specific calculation- and discretization-related errors that are inherent to solving the
transport equation with numerical models. Within a numerical solution, there are tolerances for
solutions, stability constraints, mass balance issues, and time-step constraints that need to be
considered the numerical model setup. Numerical dispersion for solute transport, the artificial
spreading of solutes to adjacent grid cells, can also be problematic for some solution techniques
under conditions where the ratio of advection-related transport to dispersion-related transport is
large. The MT3DMS manual [Zheng and Wang, 1999] provides a good discussion of the issues
involved with artificial oscillation and numerical dispersion resulting from the advection solution
procedure and model setup. Users should follow the MT3DMS guidance for appropriate values
of the Peclet number, the Courant number, and maximum grid cell size changes for non-uniform
grids. In addition, the user should assess the impacts of choice of advection solver, and
refinements in the resolution of both the grid spacing and the transport time step size on the
solution to ensure that the model setup is satisfactory. Increased resolution is not warranted at
the point where there is negligible change in the results. The potential for numerical-solution
related errors should be discussed when documenting a model and considered when interpreting
the results.

The RT3D numerical code solves the reactive transport system described by Equation 1 using an
operator-split strategy [Clement et al., 1998; Simpson et al., 2005] to uncouple the reaction terms
from the advection, dispersion, and source/sink terms of the governing transport equations.
These uncoupled components of the transport equation are treated as separate “packages” by
RT3D in terms of the input files and the solution. In particular, the reaction terms (rix) in
Equation 1 for all contaminant species can be assembled as a set of ordinary differential
equations (ODEs) that describes the reaction rate and pathway details. Specific reaction kinetic
expressions may be assembled in a reaction “module” that plugs into the reaction package for
solution during the overall process. RT3D includes a variety of reaction modules for specific
purposes, including those designed for evaluation of MNA as a remedy for chlorinated solvent
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contamination (Section 7.0). Additionally, the user may define a set of kinetic reaction
expressions in a user-defined reaction module to account for processes not included in the
standard reaction modules. The following sections examine the mathematical expressions of
each component of the governing transport equation and discuss the type of information
available to select parameter values for these expressions.

5.1 Advection

Groundwater flows primarily in response to pressure gradients. The basic relation of pressure
gradients and groundwater flow is the Darcy equation. Equation 2 shows is a formulation of the
Darcy equation that provides the groundwater flow velocities used by RT3D in solving the
transport equation.

Equation 2 illustrates that the distribution of hydraulic conductivity is the key aquifer parameter
that determines the rate of groundwater flow for a given hydraulic head gradient. The flow path
of groundwater is via the path of least resistance, thus developing an adequate representation of
the hydraulic conductivity distribution is a key issue in configuring the numerical model.

Sources of hydraulic conductivity values include literature information, laboratory tests, and
field tests. Literature information provides estimates for the intrinsic hydraulic conductivity for
specific sediment types [e.g., Freeze and Cherry, 1979]. This type of information can be useful
to estimate the hydraulic conductivity distribution from geologic borehole log information.
There are numerous methods available to interpolate geologic data from borehole logs into a
distribution of subsurface geologic layering within a defined domain (e.g., kriging techniques).
The hydraulic conductivity of a specific model grid cell can be estimated using a weighted
average of the intrinsic hydraulic conductivity for different sediment types (e.g., sand, silt, and
clay) based on the percentage of different sediment types interpolated to the specific grid cell.
Data for the intrinsic hydraulic conductivity of specific sediment types can also be estimated
using site-specific tests. Sediment samples of specific sediment types can be tested in the
laboratory using standard techniques to determine the permeability [e.g., Klute and Dirksen,
1986]. These techniques provide a vertical hydraulic conductivity estimate for the sediment
sample that can be used to interpret the intrinsic horizontal hydraulic conductivity for the
sediment type of the sample. Hydraulic properties can also be related to sediment physical
properties such as grain size distributions. Field tests in selected sediment layers can be
conducted as well. Typical field tests include slug tests and pumping tests. Procedures,
interpretation, and limitations of these tests are readily available [e.g., Kruseman and de Ridder,
1990]. The pumping test, in particular, can be applied to evaluate the hydraulic conductivity
over a larger area and determine a conductivity value that is a composite of the intrinsic
conductivities for the layers present within the test area. This composite may be of value if it is
not practical to represent all of the individual subsurface layers within the numerical model grid.
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For the hydraulic conductivity in the vertical direction, the intrinsic conductivity approach
described above can be used with values from literature, laboratory tests, or estimates based on
horizontal conductivity values if the subsurface layering can be defined. If the subsurface can’t
be directly defined (e.g., for complex systems with layers too fine to resolve), an anisotropy
factor can be used as a way to estimate the relative horizontal and vertical conductivity values.
Typically transverse conductivity is assumed to be the same as the conductivity in the primary
horizontal flow axis. Estimates for anisotropy are typically based on an assessment of the
contrast of hydraulic conductivity between subsurface layers.

Other parameters are also important for calculating groundwater flow for some settings. For
example with transient conditions, an estimate for the storage coefficient (confined aquifers) and
specific yield (unconfined aquifers) is needed. Estimated values for these parameters can be
obtained in the literature or from analysis of field tests. Additionally for advection velocity and
transport calculations, an estimate for porosity is needed. Literature values for porosity are
available based on sediment type. It is also possible to estimate porosity in the field using
conservative tracer tests.

Advection can also be influenced by density differences induced by high concentrations of
solutes in the groundwater [Russell et al., 1992; Barth et al., 2001; Wood et al., 2004; Simmons,
2005]. For typical MNA scenarios, density differences imposed by disperse dissolved
contaminant concentrations are not significant. However, density issues should be considered
for sites that include high concentration source areas where density driven flow may have
impacted the distribution of the downgradient plume or where there are natural interfaces
between higher and lower density groundwater within the modelled area (e.g., for coastal areas
[e.g., Smith and Turner, 2001; Westbrook et al., 2005]). Density-driven advection is not
currently supported by RT3D. Advection in fractured systems is also not currently supported by
RT3D.

5.2 Dispersion

Dispersion is comprised of molecular diffusion and velocity-related mechanical dispersion. In
numerical modelling, dispersion is quantified using the dispersion coefficient and related tensor
components representing the dispersion along the different directions. Dispersion is not readily
measurable in the field and is generally viewed as a term that combines the effects of pore-scale
processes and of spatial variation in hydraulic conductivity. Based on the scale of the plume, an
initial estimate of an appropriate longitudinal dispersivity value can be obtained from tabulated
data [e.g., Gelhar et al., 1992] or published correlations [e.g., Ayra, 1986; Pickens and Grisak,
1981; Neuman, 1990; Xu and Eckstein, 1995 and 1997; Perfect et al. 2002]. Dispersivity in the
directions transverse and vertical to the plume axis is generally lower than that in the
longitudinal direction. Less data is available on transverse and vertical dispersivity; that which is
available is mostly of low reliability [Gelhar et al., 1992]. Rule-of-thumb type estimates are
often used for transverse dispersivity (equal to 10% of longitudinal dispersivity) and vertical
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dispersivity (equal to 1% of longitudinal dispersivity). The use of tabulated data and correlations
based on such data has several drawbacks. First, site-specific heterogeneity is a major influence
on the dispersivity, and the tabulated data is likely not specific to the site of interest. Secondly,
an examination of the tabulated data will reveal that, for a give plume scale, the dispersivity can
range over an order of magnitude or more.

The character of the plume concentration profiles can also provide qualitative information to
assess appropriate dispersion values. For instance, plumes with sharper concentration fronts
would tend to indicate lower dispersion coefficient values.

Regardless of the source of estimates, the dispersion coefficient values need to be examined as
part of the calibration process. Note that the apparent dispersion may not be entirely from
dispersion processes, most notably in cases where there are transient flow effects. Neglecting
transience can lead to the use of “apparent transverse dispersivities” that are larger than the
actual transverse dispersivity [Johnson and Spencer, 2003].

5.3 Adsorption

The most common assumption for groundwater modelling is that sorption is solely comprised of
equilibrium adsorption processes (i.e., the sorption/desorption occurs much faster than the
transport time scale). The most common equilibrium adsorption assumption is a linear
partitioning isotherm, for which a single coefficient can be used to describe the sorption
processes. This linear equilibrium partitioning coefficient, Ky (L>/M), is defined as the ratio of
the concentration of the species in the aqueous phase to the concentration of the species in the
sorbed phase (Equation 4).

ék:Kd,k'Ck (4)

Applying the chain rule of calculus, the second term on the left hand side of Equation 1 can be
expanded to

oC, dC, oC,
ot dc, at

(3)

If we define a retardation factor, Ry (dimensionless), for the k™ species as shown in Equation 6,
then take the derivative of Equation 4, Equations 4, 5, and 1 can be combined into Equation 7.

K
Rk:1+pb0d,k (6)
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The value of Ky for a chemical species can be estimated based on its relationship to other
laboratory-measured parameters or through laboratory experiments. Within an aquifer, Ky
values have a spatial distribution dependent on the distribution of the sediment properties that
impact the partitioning process. In practice, the detail of this distribution is not known and
sorption is quantified by a single coefficient over a large-scale.

In high-carbon soils, it has been demonstrated that the amount of nonionic organic chemicals
sorbed varies from soil to soil and that such variations are primarily caused by the organic
content of the soil [Jeng et al., 1992; Lyman et al., 1990; Bishop et al., 1989]. However,
mineral-driven sorption becomes important as organic carbon content diminishes to below 0.1%
[Kile et al., 1995]. At levels of organic carbon above 0.1%, the normalized sorption coefficient
(Koc) represents an important parameter that can be used to estimate the soil/water equilibrium
partition coefficient (Kg) with this equation:

Kd:foc'Koc (8)
where f,. is the mass fraction of organic carbon (mass-oc/mass-soil) in the soil and Ky is the
soil/water equilibrium partition coefficient [(mg/kg-soil)/(mg/L)]. It is important to note that at
levels of organic carbon below approximately 0.1%, this relationship will likely underestimate
K4 because it neglects mineral-driven sorption. In those cases, the real quantity of attached
material will be higher than those predicted by Equation 8.

Many researchers have developed methods for estimating K, based on measurable properties

such as the octanol/water partition coefficient (K,y). Two common correlations are given in the
following equations [Lyman et al., 1990; Bishop et al., 1989]:

log(K,.) =3.64-0.55-1log(S) (9)

log(K, ) =4.277-0.557 - log(S,,) (10)

where S is the water solubility of the organic compound (mg/L), and S,, is the molar water
solubility of the organic compound (umol/L).

Non-linear equilibrium relationships can also be described numerically in RT3D using data from

laboratory experiments and a concentration-dependent mathematical description of a
sorption/desorption isotherm (e.g., the Freundlich or Langmuir isotherms). These non-linear
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equilibrium relationships may be more appropriate than a linear relationship in some aquifers
[e.g., Pedit and Miller, 1994]. Karickhoff et al. [1979] suggest that non-linear relationships may
be needed when contaminant concentrations are more than one half the aqueous-phase solubility
of the compound or 10 M whichever is lower.

It is also possible to configure RT3D to account for non-equilibrium sorption processes. The
built-in “Rate-Limited Sorption” RT3D reaction module provides an example of kinetically
controlled adsorption for a single species (with no other chemical reaction). Using the typical
chemical engineering approach taken by Haggerty and Gorelick [1994], the
adsorption/desorption is described based on a concentration driving force and a mass transfer
coefficient. The mobile and adsorbed fractions are treated as separate species, the latter of which
does not undergo transport. Equations 11 and 12 describe the sorption kinetics for the mobile
and immobile fractions, respectively.

dC

; C
mobile _ _ C ... - sorbed
dt 0{( mobile ) j ( 11 )

dC,, ab Cor
——bed. :_(Cmobile_ bedj (12)

dt X A

In Equations 11 and 12, « is a first-order mass-transfer rate coefficient (1/T), A4 is a linear
partitioning coefficient (i.e., Kq) (L3/M), and the Cpobile and Csorbeq are the species concentrations
(in M/L? and M/M, respectively). To use this non-equilibrium adsorption process, the
equilibrium Ky values for both species must be set to zero. The value for A is set as a separate
parameter. As with the linear equilibrium partitioning approach, the mass transfer process has a
spatial distribution dependent on the distribution of the sediment properties that impact the
partitioning process. Laboratory experiments are the primary data sources for estimating the
coefficients of the mass transfer approach. Presence of an irreversible sorption capacity for the
aquifer can be implemented numerically as a contaminant sink.

A kinetically controlled desorption rate can provide an explanation for contaminant rebound or
plume tailing effects that are sometimes observed. Several types of numerical formulations for
the mass transfer relationship have been presented in the literature. One example is a two-
component system combining equilibrium and kinetically controlled sorption [e.g., Brusseau and
Rao, 1989]. Kinetically controlled sorption can also be modelled using a Fick’s Law approach
with various assumptions related to the type of diffusional regime [e.g., Farrell et al., 1999;
Farrell and Reinhard, 1994; Rugner et al., 1999; Carroll et al., 1994; Werth et al., 2000].
Alternatives to these basic approaches include dual-equilibrium models [e.g., Chen et al., 2001]
or multiple mass transfer rate models [e.g., Culver et al., 1997].
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5.4 Source/Sinks

There are several types of sources and sinks that can be relevant for reactive transport modelling.
This section provides a brief description of NAPL dissolution (constant concentration, decaying
concentration, kinetic  dissolution), volatilization, groundwater influx/outflux, and
phytoremediation effects.

5.4.1 NAPL-Water Mass Transfer

Quantification of a NAPL dissolution rate may be a key component for modelling some plumes
with persistent source areas. There are three primary methods for modelling the interaction of
NAPL and aqueous-phase contaminant concentrations.

Constant Concentration — In some cases it may be appropriate to use a boundary condition of a
constant concentration in model grid cells corresponding to the location of the DNAPL source.
The concentration of species for this cell can be estimated based on the effective solubility for
the each species [Cohen and Mercer, 1993]. In many cases, field data indicate that the dissolved-
phase concentration of DNAPL components is significantly lower than what would be predicted
by the effective solubility. In these cases, the constant concentration value can be set equal to
the field-observed value if the source is expected to remain for a long period of time relative to
the time for transport of the plume toward the receptors.

Decaying Concentration — Dissolution of NAPL over time or application of source remediation
may decrease the concentration of contaminants in the source area. As an approximation, a first-
order decay in the concentration of the NAPL components (which may each decay at a different
rate) in the source cells can be implemented.

Kinetic Dissolution — A kinetic expression for the DNAPL component dissolution rate can be
included in the model if sufficient information is available to estimate the parameters. Similar to
non-equilibrium adsorption, a mass transfer approach is used for kinetic NAPL dissolution. A
driving force for the mass transfer is developed based on concentrations that can be calculated
and tracked within the model. Equations 13 and 14 are an example of how non-equilibrium
NAPL dissolution can be represented.

dC, /

dLb'le = 7(CNAPL - Cmobile) ( 13)
t

dc 9 (c

% - _i/)_b(CNAPL N Cmobile) o

In these equations, Cyobile 1S the aqueous-phase concentration of the NAPL species (M/L3), CnNaPL
is the mass of NAPL-phase per unit aqueous volume (M/L?), C'xapr is the solubility of the NAPL
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species, and 7 is a mass transfer coefficient (1/T). Additional information about DNAPL

dissolution mechanisms is available in the literature [e.g., Clement et al., 2004a and 2004b;
Miller et al., 1990 and 1998; Powers et al., 1991 and 1994].

5.4.2 Volatilization

There are three mass transfer processes that must be quantified to estimate the overall transfer of
chlorinated solvents from the groundwater to the gas phase in the vadose zone. Figure 1
illustrates the concept applied for mass transfer at the groundwater table interface. At this
interface, there is a mass transfer resistance associated with chlorinated solvent molecules
crossing the interface. On either side of this interface, there are diffusion layers (gas film and
liquid film) that affect the rate at which the chlorinated solvent can reach the groundwater table
interface from the bulk groundwater and the rate at which the chlorinated solvent can move away
from the interface into the bulk vadose zone gas phase. The estimate of overall mass transfer
rate is a function of the parameters that control these three mass transfer processes.

The parameter controlling mass transfer at the groundwater table interface is the Henry’s Law
equilibrium partitioning coefficient. = The Henry’s Law coefficient is expressed as the
concentration of a species in the vapor phase divided by the concentration of the species in the
aqueous phase when these two phases are in equilibrium with respect to the species of interest.
Chlorinated solvents have a relatively high Henry’s Law coefficient; consequently, they can
readily partition into the vapor phase across the groundwater table interface.

The diffusion processes to and away from the groundwater table interface are controlled by the
diffusion coefficient in the medium (water or air) and the thickness of the diffusion layer. The
diffusion coefficients for chlorinated solvents are on the order of 1 x 10° cm*/s and 1 x 107
cm?/s in water and air, respectively [Lyman et al., 1990]. The thickness of the diffusion layer is
dependent on the hydraulic regime and physical nature of the liquid-gas system. The diffusion
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Figure 1. Mass Transfer Concept at the Groundwater Table Interface

layer thickness in the gas phase and groundwater must be estimated for the given site conditions.
The mass transfer rate is significantly influenced by the diffusion layer thickness in the
groundwater and minimally influenced by the diffusion layer thickness in the gas phase.

Using the above mechanisms, the mass transfer rate at the groundwater table as a function of
bulk groundwater concentration can be estimated. Being a single (aqueous) phase code, RT3D
does not have a built in method for describing volatilization. However, the mass transfer due to
volatilization could be represented in a user-defined reaction module where model grid cells at
the water table have an additional loss term. The volatilization loss term could use a lumped
mass transfer coefficient similar to the approach for non-equilibrium NAPL dissolution or could
use a resistance-in-series approach with individual mass transfer coefficients for the zones
described above.

5.4.3 Groundwater Influx/Outflux

Introduction or removal of contaminants from the groundwater system can be an important factor
in assessing the mass balance of the contaminant plume, depending on the specific site. Natural
(e.g., recharge, evapotranspiration, rivers, drains) and introduced (extraction and injection wells)
can be specified in MODFLOW/RT3D as sources/sinks for groundwater flow and thus for
contaminant mass carried with the groundwater. Extraction and injection wells may be
important as part of modelling, for instance, EA/MNA combinations.
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5.4.4 Phytoremediation Effects

There are three primary functions of phytoremediation that may need to be incorporated into
modelling analysis. First, in some phytoremediation applications, plants can uptake and remove
a significant amount of groundwater from the aquifer. This hydraulic impact on the aquifer can
be applied as a water sink (e.g., a well) within the modelled domain or through
evapotranspiration. Information about the rate of removal or the resultant cone of depression
around the plants is needed to establish the parameters for this water sink. Second,
phytoremediation may directly remove contaminant from the aquifer (e.g., through uptake and
subsequent transpiration or in-plant degradation of the contamination). This contaminant impact
can be incorporated with the hydraulic impact as part of the water sink. Lastly,
phytoremediation may enhance or change existing degradation processes within a defined
portion of the aquifer. These impacts on degradation processes may be the result of synergistic
effects between the plant roots and the microbial population or perhaps caused by changing
redox conditions. These degradation processes can be implemented in the same way that other
spatial variations in reaction processes are included in the model configuration (Section 5.5
below). Information about the specific reactions and rates that occur in the phytoremediation
zone are needed to select the appropriate rate expressions and coefficients for the model.

5.5 Biological and Chemical Reactions

The final term of the governing transport equation is the reaction component. The RT3D
reaction module is used to encapsulate the factors that comprise the reaction term of the
governing transport equation, including non-equilibrium mass transfer (e.g., adsorption, NAPL
dissolution) and biological and chemical reactions. This section discusses the basis for
modelling biological dechlorination reactions, while Section 6.0 describes the biological and
abiotic dechlorination reactions that may occur for chlorinated ethenes, ethanes, and methanes.

Biological and chemical reaction processes can be described mechanistically or with general
empirical relationships. For numerical groundwater modelling, empirical relationships providing
an estimate of the overall rate of transformation and dependence of this rate on the
concentrations of chemical species related to the transformation reaction are typically used.
Contaminant transformation processes under natural attenuation conditions are typically
described using a lumped first-order kinetic form (e.g., Equation 15) that has been effective in
simulating transformation rates under a variety of conditions [U.S. EPA, 1998; Clement et al.,
2000] (but see Johnson and Truex [2006] for discussion on the suitability of first-order
expressions). It is also feasible to add dependencies of this rate related to the concentration of
reactants or inhibitors. Common forms for reaction dependencies, such as for oxidation/
reduction state or specific reactant concentration, include inhibition terms and Monod-type terms
as shown by Equations 16 and 17, respectively.
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F:_kfwd -Gy (15)

dc —Kpa - C

o c (16)
KC '(1+ inlit-aitor j‘i_ck

dC, :(—kfwd-ck] a7

dt K¢ +C,

In Equations 16 and 17, kgyyq is the first-order rate coefficient for the k™ species (1/T), K¢ is the
half saturation coefficient (M/L3), Cinnibitor 18 the concentration of an inhibitor species (M/L3), and
K; is an inhibition coefficient (M/L?).

While there are other factors that can impact dechlorination activity of bacteria, dechlorination
reaction pathways and rates have been shown to vary as a function of the electron acceptor
conditions. Hence, the electron acceptors and other geochemical indicators (e.g., redox potential,
methane, total organic carbon, etc.) usually categorize the overall activity of bacteria at the site.
In general, the sequence of electron acceptors (non-contaminant) from more oxidizing to more
reducing conditions are: oxygen, nitrate, iron/manganese, sulfate, and carbon dioxide (methane
production).

Section 6.0 discusses the dechlorination reactions as a function of three basic geochemical
settings at a site: Aerobic, Anoxic, and Anaerobic. In most cases, the geochemical data
available at a site is sufficient to identify which of these three settings describes the site or to
divide the site into several segments with different geochemical settings (e.g., an anaerobic
portion near the source and an aerobic portion at some point downgradient of the source). Using
this type of information, RT3D can be configured to model these different redox zones reactions
and rates specific to the geochemical setting in each zone [e.g., Johnson et al., 2003].
Alternatively, if a significant amount of temporal and spatial data are available/collected at a site,
the oxidation/reduction conditions at any given point in the model can be explicitly modelled and
RT3D can use this information to model the dechlorination reactions as a function of these

conditions within each model grid cell. These two approaches are discussed further in Section
8.2.2.

In some cases, it may useful to describe both the substrate and the electron acceptor reactions

and the correlation of these reactions to dechlorination rates. Expressions for these reactions can
be developed based on knowledge of the metabolic respiration processes that have been
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examined in the literature or laboratory. This approach requires an in-depth knowledge of the
metabolic processes at a site and adds additional parameters for which estimates are required.
However, the basic approach of describing the correlation between substrate and electron
acceptor reactions and dechlorination rate can be constructed and implemented with appropriate
assumptions about the dependency of the dechlorination rate on the concentration of other
species (e.g., electron acceptors) in the groundwater, thus simplifying the expressions. A key
limitation of this approach for natural attenuation modelling is that the substrate type and flux is
not well defined under natural attenuation conditions. Thus, assumptions about the metabolic
reactions are typically necessary. More typically, kinetic expressions incorporating substrate and
electron acceptor reactions and the correlation of these reactions to dechlorination rates are
applied for accelerated bioremediation applications where there is much better information about
the type and flux of the substrate.

Sources of information on reaction processes and rate coefficients relevant to numerical
modelling include laboratory studies, literature information, and in some cases, field data.
Laboratory microcosm tests provide data on the type of reactions and rate of reactions that occur
in a sediment sample under the conditions of the microcosm experiment. It is not possible to
duplicate the exact conditions in the field within the microcosm test. Additionally, the sediment
for the test has been disturbed and taken out of its context with surrounding sediment. However,
if care is taken to maintain conditions in the microcosm that are similar to the conditions in the
aquifer, the data can be useful to derive a description of relevant reaction processes for the area
of the aquifer represented by the sediment and conditions of the microcosm test. The reaction
rates determined in the microcosm test are typically higher than the reaction rates that can be
expected in the field. However, the relative rates of different reaction processes (e.g, the rate of
TCE transformation relative to the rate of DCE transformation) are likely to be consistent
between the laboratory and the field. It is then necessary within model calibration to estimate the
correction factor between the laboratory-derived rates and the rates in the field. It has typically
been the practice to determine site-specific transformation rates, but there are rate data available
in the literature that may provide useful information for comparison to the site-specific rates. It
may also be reasonable in some cases to use reaction process and rate data from other similar
sites as a starting point for developing the reaction processes at a site. Microbial characterization
of the site may be of use to establish whether specific organisms, such as those of the
dehalococcoides genus, are present as a guide for interpreting the probable reaction processes.
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6.0 Description of Dechlorination Reactions

The geochemical conditions at a site significantly impact the type of dechlorination reactions that
will occur. At one end of the geochemical spectrum is the aerobic geochemical setting where
oxygen is present as the primary electron acceptor for subsurface bacteria. Because oxygen is
generally preferred by bacteria over all other electron acceptors and is toxic to many anaerobic
bacteria, the presence of oxygen defines a very specific type of bacterial activity. Once oxygen
concentration drops below about 10% of its solubility limit, the activity of aerobic bacteria and
the toxic effect of oxygen are greatly diminished. When oxygen is absent and there is sufficient
substrate for anaerobic bacteria to flourish, there are clear end products that serve as indicators of
significant anaerobic activity. Depending on the type of anaerobic bacteria that are dominating
the subsurface, methane, reduced iron, and/or sulfide will be present and the concentrations of
more oxidized electron acceptors such as nitrate and sulfate will be low. Under these anaerobic
conditions, it has been demonstrated that dechlorination reactions usually occur in conjunction
with the anaerobic activity that produces the indicator compounds. The anoxic geochemical
condition describes the type of conditions where oxygen is not present at high enough levels to
inhibit the activity of other bacteria, but there are no, or limited, indicators of significant
anaerobic bacterial activity. It is more difficult to determine the type of biological dechlorination
reactions that are occurring at the site under anoxic conditions. However, biological
dechlorination reactions may still be a significant attenuation mechanism. Typically under the
anoxic geochemical setting, more detailed investigations are needed to fully quantify the rate and
extent of biological dechlorination at the site.

Abiotic chemical reactions can either be water-phase reactions, or catalyzed by aquifer materials.
Water-phase abiotic reactions are included as part of the reaction tables below. These reactions
are usually not significantly impacted by the geochemical conditions, though the rate of reaction
is a function of temperature and, in some cases, pH. Catalyzed abiotic reactions are not included
as a separate category below, but are considered as part of the reactions that are dependent on
sediment components such as iron. These reactions are considered to be essentially coupled with
the corresponding biological reactions that reduce/oxidize aquifer sediment component

Table 2 lists the chlorinated chemical species under consideration in this document by

contaminant group along with their abbreviation and chemical formula. The types of biological
and abiotic dechlorination reactions that can occur are described in Table 3.
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Contaminant

Group

Table 2. Chlorinated Contaminant Species by Contaminant Type

Abbreviation

Chemical
Formula

Contaminant Name

Synonyms

Tetrachloroethylene,

Chloroethenes PCE CCl,=CCl, Tetrachloroethene
Perchloroethene
TCE CHCI=CCI, Trichloroethene Trichloroethylene
. _ . . cis-1,2-Dichloroethylene,
1,2-cis-DCE CHCI=CHCI cis-1,2-Dichloroethene Cis-DCE, c-DCE
1,2-trans- trans-1,2-
' DCE CHCI=CHCI trans-1,2 -Dichloroethene  Dichloroethylene,
trans-DCE, t-DCE
_ . 1,1-Dichloroethylene,
1,1-DCE CCl,=CH, 1,1-Dichloroethene Vinylidene Chloride
_ Vinyl Chloride,
VC CH,=CHCI Chloroethene Chloroethylene
Chloroethanes | 1,1,2,2-TeCA CHCI,-CHCI, 1,1,2,2-Tetrachloroethane —
1,1,2-TCA CH,CI-CHCI,  1,1,2-Trichloroethane Vinyl Trichloride
1,2-DCA CH,CI-CH,CI  1,2-Dichloroethane Ethane Dichloride
1,1,1,2-TeCA CHCI-CCl3 1,1,1,2-Tetrachloroethane —
1,1,1-TCA CH3-CCly 1,1,1-Trichloroethane —
1,1-DCA CH3-CHCI, 1,1-Dichloroethane —
CA CH3-CH,CI Chloroethane Ethyl Chloride
Chloro- CT CCl, Tetrachloromethane Carbon Tetrachloride
methanes
CF CHCl; Trichloromethane Chloroform
. Methylene Dichloride,
DCM CH,Cl, Dichloromethane Methylene Chloride
CM CH5CI Chloromethane Methyl Chloride
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Table 3. Descriptions of Biological and Abiotic Dechlorination Reactions

Aerobic Cometabolism

ACM

Dechlorination of a compound where the compound is
fortuitously degraded by an enzyme used in cellular
metabolism — typically a monooxygenase enzyme.

Aerobic Direct Metabolism

ADM

Use of the chlorinated compound as an electron donor
for aerobic metabolism.

Abiotic Hydrolysis

AH

Homogeneous abiotic dechlorination — no specific
reaction for this classification.

Anaerobic Cometabolism

ANCM

Dechlorination of a compound where the compound is
fortuitously used as a surrogate electron acceptor,
though the cell does not gain energy by reduction of the
compound. For the reactions listed as ANCM,
denitrification is an example metabolic process that
supports this activity.

Anaerobic Direct
Metabolism

ANDM

Use of the chlorinated compound as an electron donor
for anaerobic respiration — typically coupled to iron
reduction.

Dichloroelimination (biotic)

DC

Dechlorination of a compound where the compound is
used as an electron acceptor, the bacteria may or may
not gain energy by reduction of the compound. This
reaction removes two chloride atoms in an elimination
reaction. The more general term for this reaction is
dihaloelimination, but may also be referred to as vicinal
reduction.

Dehydrochlorination
(abiotic)

DHC

This reaction removes one chloride atom and one proton
in an elimination reaction. This reaction is usually
referred to as abiotic, but studies indicate that the
reaction can be enhanced/catalyzed by bacteria and/or
minerals (e.g., clay). The more general term for this
reaction is dehydrohalogenation and is sometimes
referred to as dehydrodehalogenation.

Reductive Dechlorination
(biotic)

RD

Dechlorination of a compound where the compound is
used as an electron acceptor, the bacteria may or may
not gain energy by reduction of the compound. This
reaction removes one chloride atom from the compound
and replaces it with a proton. This reaction is sometimes
referred to as hydrogenolysis.

Based on the characteristics of the geochemical settings, some dechlorination reactions are very
likely to occur, some highly unlikely to occur, and some may occur depending on specific
circumstances. Figures 2 through 13 (after Truex et al. [2006]) illustrate the dechlorination
reactions that may occur at a site depending on the geochemical conditions and contaminants
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present. These figures depict the reactions most likely to occur at a site and can be used to assess
what other reactions are possible, but may need more detailed information to quantify. Rates, in
the form of the half-life in years at a temperature of 25°C and pH of 7, are presented for water-
phase abiotic reactions that always occur and are not significantly dependent on site conditions.
Rates for the other biologically catalyzed reactions cannot be defined generically. Nomenclature
for each reaction type is listed in Table 3. References for laboratory data describing each
reaction (except those noted as “highly unlikely”) are provided corresponding to the footnote
numbers shown in the figures. The references are not intended to represent an exhaustive
literature review, but provide examples of laboratory information that is available to describe the
reactions. For the geochemical setting categorization, the anaerobic and aerobic settings are
defined such that they represent conditions where it is highly likely that specific reactions are
occurring. For some reactions, additional information is also needed under aerobic or anaerobic
geochemical settings to determine whether the reaction is occurring at a site. The anoxic
geochemical setting represents sites where the criteria used to define the general geochemical
conditions are not sufficient to determine the specific reactions that are likely to occur. Thus, for
anoxic geochemical settings, more detailed information is always needed to determine what
reactions are occurring. Based on the nomenclature and description in Table 3, Table 4 describes
the type of additional characterization information that is necessary to determine whether a
reaction is occurring.
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Aerobic Conditions

PCE
l@ RD
ACM 6

TCE —> CO
e Jow
ADM-20
O ADM 5

CO, «<— 1,1-DCE 1,2-DCE —> CO,/Other

O
ACM-6 l@ RD © acms
RD & @ ADM-15
—> CO,/Other
l® . O acms
DM

Ethene —> CO,

l® RD
DM

Ethane —> CO,

LIKELIHOOD OF REACTION
© Highly likely

@ Highly likely, but at a
slower rate

O May occur under specific
conditions

X Unlikely

ACM
ADM
AH
ANCM
ANDM
DC
DHC
RD

TYPE OF REACTION

Aerobic Cometabolism

Aerobic Direct Metabolism
Abiotic Hydrolysis

Anaerobic Cometabolism
Anaerobic Direct Metabolism
Dichloroelimination (biotic)
Dehydrochlorination

Reductive Dechlorination (biotic)

HALF LIVES
Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

REFERENCES

Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 2. Dechlorination Reactions for PCE under the Aerobic Geochemical Setting
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Anoxic Conditions

PCE

lO RD -9,11

o TCE
RO- 1% lO RD -9,11
(O ANDM-4

1,1-DCE

RD-25 O

O RD-9,11
(O ANDM-4

1,2-DCE —> CO,/Other

VC — CO,/Other

lO RD-9,11

Ethene

LIKELIHOOD OF REACTION
© Highly likely

Highly likely, but at a
slower rate

O May occur under specific
conditions

Unlikely

ACM
ADM
AH
ANCM
ANDM
DC
DHC
RD

TYPE OF REACTION

Aerobic Cometabolism

Aerobic Direct Metabolism
Abiotic Hydrolysis

Anaerobic Cometabolism
Anaerobic Direct Metabolism
Dichloroelimination (biotic)
Dehydrochlorination

Reductive Dechlorination (biotic)

HALF LIVES

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

REFERENCES

Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 3. Dechlorination Reactions for PCE under the Anoxic Geochemical Setting
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Anaerobic Conditions

PCE
l. RD -9,11

o TCE
RE- 1% l‘ RD -9,11
(O ANDM-4

1,1-DCE 1,2-DCE —> CO,/Other

@ RD-9,11
RD-25 @ () ANDM-4
vC —— CO,/Other
l. RD-9,11
Ethene
l. RD-9
Ethane
LIKELIHOOD OF REACTION TYPE OF REACTION HALF LIVES
O nghly Iiker ACM — Aerobic Cometabolism Numbers in parentheses
ADM — Aerobic Direct Metabolism (if pr(_esent) in(_jicate typical
& Highly likely, but at a AH — Abiotic Hydrolysis reaction half-life (years).
slowar izl ANCM — Anaerobic Cometabolism REFERENCES
O May occur under specific ANDM — Anaerobic Direct Metabolism Numbers next to the
conditions DC — Dichloroelimination (biotic) reaction type label denote
DHC Dehydrochlorination SIS [EEEEES
® Unlikel - y (Section 9.1) documenting
y RD — Reductive Dechlorination (biotic) the reaction path.

Figure 4. Dechlorination Reactions for PCE under the Anaerobic Geochemical Setting
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Aerobic Conditions

DC DHC-17 (0.3 yr)
& @
1,2-DCE —— 1,1,2,2-TeCA —» TCE
DG ® RD  phc-23 (54 yn)
VC ® v e 1,1-DCE
1,1,2-TCA
CO, O @ 1,2-DCE
ACM-18 DHC-17 (140 yr)
&® RD
DC DHC-17 (1E5 yr)
Ethene X v
1,2-DCA
@)
Ethylene Glycol =) acme” @ CO,/Other
AH-17 (72 yr) &® RD ADM-16
ACM-6
O v @ AH-25 (1.9 yr)
CO, « CA » Ethanol
X RD
v
Ethane
LIKELIHOOD OF REACTION TYPE OF REACTION HALF LIVES
O Highly Iikely ACM — Aerobic Cometabolism Numbers in parentheses
ADM — Aerobic Direct Metabolism (if prgsent) ingiicate typical
@ Highly likely, but at a AH — Abiotic Hydrolysis reaction half-life (years).
slower rate ANCM — Anaerobic Cometabolism REFERENCES
O May occur under specific ANDM — Anaerobic Direct Metabolism Numbers next to the
conditions DC — Dichloroelimination (biotic) reaction type label denote
DHC — Dehydrochlorination SEMID IR
® unlikel y (Section 9.1) documenting
y RD — Reductive Dechlorination (biotic) the reaction path.

Figure5. Dechlorination Reactionsfor 1,1,2,2-TeCA under the Aerobic Geochemical Setting
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Anoxic Conditions
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v
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LIKELIHOOD OF REACTION TYPE OF REACTION HALF LIVES

© Highly likely

@ Highly likely, but at a
slower rate

O May occur under specific
conditions

X Unlikely

ACM
ADM
AH
ANCM
ANDM
DC
DHC
RD

Aerobic Cometabolism

Aerobic Direct Metabolism
Abiotic Hydrolysis

Anaerobic Cometabolism
Anaerobic Direct Metabolism
Dichloroelimination (biotic)
Dehydrochlorination

Reductive Dechlorination (biotic)

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

REFERENCES

Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 6. Dechlorination Reactions for 1,1,2,2-TeCA under the Anoxic Geochemical Setting
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Anaerobic Conditions
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LIKELIHOOD OF REACTION TYPE OF REACTION HALF LIVES
O nghly I|ke|y ACM Aerobic Cometabolism Numbers in parentheses
ADM Aerobic Direct Metabolism (if pr(_esent) in(_jicate typical
@ Highly likely, but at a AH Abiotic Hydrolysis reaction half-life (years).
slaweriate ANCM Anaerobic Cometabolism REFERENCES
O May occur under specific ANDM Anaerobic Direct Metabolism Numbers next to the
conditions DC Dichloroelimination (biotic) reaction type label denote
DHC Dehydrochlorination SIS I
® Unlikel y (Section 9.1) documenting
y RD Reductive Dechlorination (biotic) the reaction path.

Figure 7. Dechlorination Reactionsfor 1,1,2,2-TeCA under the Anaerobic Geochemical Setting
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Aerobic Conditions
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@ Highly likely, but at a AH Abiotic Hydrolysis reaction half-life (years).
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conditions DC Dichloroelimination (biotic) reactloln typfe label denote
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Figure 8. Dechlorination Reactions for 1,1,1,2-TeCA under the Aerobic Geochemical Setting

37




Anoxic Conditions
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Figure 9. Dechlorination Reactions for 1,1,1,2-TeCA under the Anoxic Geochemical Setting
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Figure 10. Dechlorination Reactions for 1,1,1,2-TeCA under the Anaerobic Geochemical Setting
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Figure 11. Dechlorination Reactions for CT under the Aerobic Geochemical Setting
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Figure 12. Dechlorination Reactions for CT under the Anoxic Geochemical Setting
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Figure 13. Dechlorination Reactions for CT under the Anaerobic Geochemical Setting
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Table 4. Additional Characterization Information to Assess Whether a Reaction Will Occur

Reaction Abbreviation | Characterization Information

A source of methane or other co-substrates for these
reactions that is migrating into an aerated portion of the

Aerobic Cometabolism ACM aquifer needs to be present to provide the driving force
for these reactions.
Aerobic Direct Metabolism ADM No additional information is needed.

Confirm temperature and pH for use of half-life values in
Abiotic Hydrolysis AH figures and to adjust as needed based on root data and
equations in noted references.

This type of reaction typically occurs with denitrification.
Thus, evidence of active denitrification and an energy
source to drive this reaction (e.g., organic acids) is
needed to verify that this reaction is occurring.

Anaerobic Cometabolism ANCM

Anaerobic direct metabolism is typically linked to
Anaerobic Direct utilization of an electron acceptor such as iron. Thus,
. ANDM . : o
Metabolism evidence of this type of reduction is needed to assess

whether this reaction is occurring.

This reaction occurs under geochemically reduced
conditions. The specific daughter products produced by
DC should also be present in most cases. Especially
under the anoxic geochemical setting, microcosm tests
with site-specific sediments may be needed to verify this
reaction.

Dichloroelimination (biotic) DC

Confirm temperature and pH for use of half-life values in
figures and to adjust as needed based on root data and
Dehydrochlorination equations in noted references. This reaction may also
o DHC . -
(abiotic) be enhanced under geochemically reduced conditions.
Microcosm tests with site-specific sediments may be
needed to verify any enhancement.

This reaction occurs under geochemically reduced
conditions. The specific daughter products produced by

Reductive Dechlorination RD RD should also be present in most cases. Especially

(biotic) under the anoxic geochemical setting, microcosm tests
with site-specific sediments may be needed to verify this
reaction.
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model the link between geochemical oxidation/reduction conditions and dechlorination.

7.0 Selection of a Reaction Module

RT3D provides a suite of reaction modules for use in modelling MNA or MNA/EA of the
chlorinated solvents listed in Table 2. Figure 14 shows the basic decision process for selecting
one of these reaction modules for MNA applications at a specific site, depending on the
contaminant group or groups that are present. In the case where chloroethenes only are present,
the selection also depends on whether there is enough information and a desire to explicitly

For

MNA/EA sites, chloroethene reductive dechlorination using substrate/biomass-dependent
reaction rates or cometabolic dechlorination can be selected to model the impact of substrates
and electron donors on dechlorination. The RT3D reaction modules in Figure 14 are briefly
described in Table 5 and are described in detail in Johnson and Truex [2006].
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Figure 14. Flowchart for Selection of RT3D Reaction Modules for MNA/EA
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Table 5. Description of the RT3D Reaction Modules for MNA/EA

Reaction Module Name Reaction Module Description

Mixed Chloroethene/ Dechlorination of a mixture of chloroethene, chloroethane, and
Chloroethane/ chloromethane compounds using first-order rate expressions. This
Chloromethane reaction module includes aerobic anoxic/anaerobic, and abiotic reactions.

Dechlorination

Dechlorination of chloromethane compounds using first-order rate
expressions. This reaction module includes aerobic anoxic/anaerobic, and
abiotic reactions.

Chloromethane
Dechlorination

Dechlorination of Dechlorination of 1,1,2,2-tetrachloroethane and chloroethenes using first-
1,1,2,2-Tetrachloroethane order rate expressions. Includes 1,1,2-TCA and 1,2-DCA. This reaction
and Chloroethenes module includes aerobic anoxic/anaerobic, and abiotic reactions.
Dechlorination of Dechlorination of 1,1,1,2-tetrachloroethane and chloroethenes using first-
1,1,1,2-Tetrachloroethane order rate expressions. Includes 1,1,1-TCA and 1,1-DCA. This reaction
and Chloroethenes module includes aerobic anoxic/anaerobic, and abiotic reactions.

Dechlorination of chloroethene compounds using first-order rate
expressions. All DCE isomers are included and additional pathways are
represented over those in other similar RT3D reaction modules. This
module includes aerobic and anoxic/anaerobic reactions (abiotic reactions
are negligible for chloroethenes).

Chloroethene
Dechlorination

Dechlorination of chloroethene compounds using first-order rate
expressions. This module includes aerobic and anoxic/anaerobic
reactions, where the rate of these reactions is controlled by the
oxidation/reduction conditions in the aquifer. Oxygen, nitrate, iron,

Redox-Linked sulfate/sulfide, and methane are used as indicator compounds to define
Dechlorination of the geochemical conditions. The user may choose to fix the spatial
Chloroethenes distribution of the geochemical indicator concentrations or allow the

geochemical indicator compounds to undergo oxidation/reduction to give a
time-varying spatial distribution of geochemical conditions. Note that this
module does not perform full geochemical equilibrium calculations, but
uses indicator species to assess redox conditions.

Reductive dechlorination of chloroethene compounds using
substrate/biomass-dependent reaction rates. The rates of dechlorination
reactions are dependent on substrate (lactate) consumption and microbial
growth. This is an Enhanced Attenuation reaction module.

Substrate-Linked
Reductive Dechlorination
of Chloroethenes

Cometabolic dechlorination of TCE, DCE isomers, and VC by
methanotrophic bacteria. The rate of dechlorination is dependent on the
rate of methane consumption and microbial growth. This is an Enhanced
Attenuation reaction module.

Cometabolic Aerobic
Dechlorination of
Chloroethenes
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For each reaction module in Table 5, the user determines which reactions are active and provides
the appropriate rate coefficients for the reactions. The user sets rate coefficients and/or
stoichiometric yields to zero for inactive reactions. Reaction parameters can be spatially
variable. For instance, if multiple geochemical settings are identified within the model domain,
the rate coefficients in one area can be set to different values than for another area.

RT3D includes two other existing reaction modules potentially of interest to modelling for
MNA. These existing reaction modules are not included in Table 5 because they are less
detailed. The “Sequential First-Order Decay” and ‘“Aerobic/Anaerobic PCE/TCE
Dechlorination” reaction modules were designed for chloroethene dechlorination reactions. The
former reaction module is a simple sequential reductive dechlorination module with all DCE
isomers lumped as one species and no aerobic or abiotic reactions. While the latter reaction
module is similar, but adds aerobic reactions and also tracks chloride as a chemical species. The
reaction modules in Table 5 are recommended for application of RT3D simulation to a MNA
evaluation, but there may be cases where the simpler reaction modules will suffice.

As mentioned in Section 5.0, additional mechanisms (e.g., non-equilibrium adsorption) or
combinations of processes may be assembled in a user-defined reaction module. A user-defined
reaction module can be created by writing a Fortran subroutine, possibly using an existing
reaction module as a template. The process for developing a user-defined reaction module is
described in the RT3D manual [Clement, 1997]. The user-defined reaction module is an
extremely flexible tool for combining processes or for adding reaction kinetics for an entirely
new set of chemicals (e.g., PCBs or pesticides).
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8.0 Using a Reaction Module

Applying a reaction module typically requires 1) an understanding of the site with respect to the
reaction processes that may be occurring, 2) appropriately configuring the model with respect to
the reaction parameters and inputs that affect the reactions, 3) calibration of the model, and 4)
conducting a matrix of simulations that address the modelling objectives for the site to the
satisfaction of the stakeholders (e.g., site owners, regulators, technical review). This section
describes each of these steps with respect to implementing a reaction module in RT3D.

8.1 Understanding Site Characteristics With Respect To Reaction
Processes That May Be Occurring

The primary activities associated with identifying what reaction processes may be occurring, and
therefore how the site should be modelled, involve assessing the site geochemistry and looking
for reaction “signatures”. Section 6.0 describes the potential types of reactions that can occur
based on categorizing the site into one of three basic geochemical settings. All of the site may fit
within one of these settings, or there may different geochemical settings associated with different
portions or segments of the site (e.g., near source versus downgradient areas). The following
process of categorizing geochemical setting of the site or site segment is based on the approach
used in the Scenarios Evaluation Tool for Chlorinated Solvent MNA [Truex et al., 2006]. Table
6 summarizes the criteria used to identify the geochemical setting. All criteria listed in Table 6
for a geochemical category must generally be satisfied for selection of the geochemical setting.
The criteria statements and numeric values should not be used as absolute rules. Technical
judgment and knowledge of site conditions should be applied in conjunction with these
guidelines when determining the site geochemical setting.

Based on the geochemical setting for the site or a segment of the site, the dechlorination reaction
information in Section 6.0 can be consulted to determine what reactions may be occurring. For
each reaction, specific intermediate and final dechlorination products are produced. These
compounds can be used to identify specific reaction signatures for a site and assist in selecting
the reactions that should be modelled. Once the set of reactions for a site have been identified, a
specific reaction module can be selected based on the module information presented in Section
7.0.
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Table 6. Criteriafor Selecting the Geochemical Setting

Geochemical Setting Description*

Average dissolved oxygen concentration < ~1 mg/L (if meter) or < ~0.5 mg/L
(if test kit);
AND
Sulfate concentration < ~ 50 mg/L; (value applies to most but not all sites)
AND
Nitrate < ~1 mg/L;
AND
Methane OR ferrous iron OR sulfide must be detected in most of the wells;
AND
TOC > ~5 mg/L
AND
Dechlorination daughter products must be present in the plume

Anaerobic

Average dissolved oxygen concentration < ~2 mg/L (by meter or by test kit);
Anoxic AND
Plume doesn’t meet all of the anaerobic indicators

Average dissolved oxygen concentration > ~2 mg/L (by meter or by test kit);
Aerobic AND
Plume doesn’t meet ANY of the anaerobic indicators

! Criteria values are for guidance only and technical judgment related to specific site conditions
should be used in applying these criteria.

8.2 Model Configuration

Once an appropriate reaction package has been selected, the model must be configured properly
to use in fate and transport simulations. Configuration of the model with respect to the reaction
processes includes 1) determining the appropriate reaction parameter values, 2) determining
whether the reaction parameter values need to be spatially variable (e.g., are there multiple zones
within the model that will have different reaction processes/rates), and 3) testing/calibration of
the reaction module. The following sections discuss these configuration steps.

8.2.1 Determining Reaction Parameter Values

Determining the appropriate reaction parameter values to use in the reaction module is one of the
most important steps in configuring a fate and transport model. Rate parameter values for
hydrolysis reactions are generally not site specific for sites with near neutral pH conditions and
literature values can be directly used for these parameters. However, most reaction parameters,
such as the first order rate coefficients for biologically catalyzed reactions and the stoichiometric
dechlorination yield, are highly site specific and it is typically not appropriate to use a generic
parameter value to apply a reaction module for a specific site. The rate coefficient is dependent
on the microbial ecology and geochemistry of the individual site. Likewise, the microbial
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ecology and geochemistry effect the stoichiometric dechlorination yield (e.g., the moles of
cis-1,2-DCE and trans-1,2-DCE produced from dechlorination of a mole of TCE). The scientific
literature provides guidance about the likely range for these reaction parameter values, but a
specific value appropriate to the each site must typically be selected. Site-specific reaction
parameters are used for deterministic modelling. Alternatively, stochastic modelling can be
applied, but site-specific ranges for parameter values should still be established.

There are several methods available to select a specific reaction parameter value for a specific
site. Laboratory microcosm tests can be useful for selecting reaction parameter values because it
is not always possible to determine the type of dechlorination attenuation process occurring at a
site based on field data. While laboratory studies cannot exactly replicate field conditions, they
can approximate field conditions and provide insight into the dechlorination attenuation
mechanisms. Absolute rates of attenuation from laboratory studies are typically not expected to
represent absolute rates under field conditions (except for some abiotic reactions). However,
relative rates, for instance, for parent and daughter product dechlorination and the extent of
dechlorination, can be reasonably approximated from laboratory data. Because of the controlled
experimental conditions, detailed data analysis to determine the reaction pathways and rates is
possible and provides useful information in terms of these relative dechlorination rates. Using
this information, the laboratory rates can be adjusted during model calibration to match the
available site data.

There are also field tests such as “push-pull” testing that can be used to assess reaction rates
under in Situ conditions [e.g., Kim et al., 2004]. These tests are similar to laboratory microcosm
testing in that the reactions are measured based on the response observed to some specific
experimental conditions. However, because the tests are conducted in the field, some of the
experimental variables cannot be controlled as tightly as for a laboratory test. This type of
testing should be considered for sites where the hydraulic and geochemical conditions are
expected to enable sufficient control of the experiments for quantifying the reaction rates.

In a limited number of situations, direct analysis of contaminant concentration data from
monitoring wells can be used to quantify reaction parameter values [e.g. U.S. EPA, 2002]. If a
sufficient amount of spatial and temporal data is available, inverse modelling techniques as part
of model calibration can be used to determine reaction rates. In this method, history matching is
used to define the reaction rates that are then used to conduct predictive simulations for
determining the future fate and transport of contaminants. In some cases, this type of inverse
modelling is combined with information from laboratory microcosm tests or the literature to
provide additional confidence in the results.

As an alternative to deterministically determining site-specific reaction parameter values, a range

of parameter values can be used within a stochastic simulation process (e.g., a Monte Carlo
approach) to address the fate and transport of contaminants in a probabilistic manner.
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8.2.2 Determining Whether the Reaction Parameter Values Need to be Spatially
Variable

Some sites may have uniform geochemical conditions and a single set of reaction parameters is
sufficient to describe reactions for the fate and transport analysis. However, some hydrologic
conditions and contaminant distributions lead to variations in geochemical conditions across a
site that may induce different types of reactions or different rates of reactions. There are two
approaches for addressing this type of variation.

A standard approach for addressing variability in reaction rates/processes is to use the variable
reaction parameter function of RT3D and to set up zones within the model (e.g., blocks of grid
cells) that have specific reaction parameter values. For instance, one zone may have anaerobic
reactions active (e.g., near a source) and a downgradient zone may have aerobic reactions active
because site data shows an increase in the dissolved oxygen concentration in this downgradient
zone. To implement this approach, the modeler must examine the available geochemical and
contaminant data and determine if specific zones of reactions can be identified. The model can
then be configured with the appropriate parameter values for each zone.

A less common approach, due to the requirement for a significant amount of data and knowledge
of the reaction processes, is to use a reaction module that varies the contaminant transformation
rates based on the concentrations of selected geochemical indicators. RT3D offers one reaction
module for chloroethene dechlorination based on the concentrations of geochemical indicators.
In this module, a simplified geochemical approach (versus a full geochemical model) is used to
define the reaction conditions (e.g., acrobic versus anaerobic and the dominant redox conditions)
and the corresponding dechlorination behavior. Data for the geochemical indicators can be used
to define (e.g., through interpolation) a specific indicator concentration for each of the grid cells
such that the model will calculate contaminant transformation rates based on this imposed static
distribution of geochemistry data. This approach provides a continuous spatial variability of the
reaction rates based on the static spatial distribution of the geochemical indicators. The
geochemical indicators can also be allowed to react and change over time if there is sufficient
data available to define these rates of reactions. See Johnson and Truex [2006] for details on the
reaction module implementing this type of geochemical indicator approach to dechlorination.

8.2.3 Module Testing/Calibration

Before proceeding to calibration of the full fate and transport model, it is important to test and
calibrate the reaction module. The preceding sections discuss configuring the module based on
the site conditions and data available for setting reaction parameters. It is typically useful to run
the reaction module in a batch (no flow) mode or with a very simple flow model (e.g., on a
simple testing grid with uniform hydraulic and transport conditions) to examine the simulated
variation in the constituent concentrations over time and compare these patterns to what is
expected based on the available data. In the case where laboratory microcosm tests have been
conducted, batch simulations can be used to refine the reaction parameter values and calibrate
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the module to the microcosm data. If less detailed data are available, the testing simulation
results can still be examined with respect to the pattern of dechlorination and whether the relative
persistence of the expected intermediate compounds matches the basic patterns observed at the
site. While this task may seem duplicative to calibration of the full model, it is important to
isolate the reaction module functioning so that any problems, including simple user input errors,
can be more readily identified. It can be much more difficult to identify issues with the reaction
module parameter values when advection, dispersion, and sorption are occurring at the same
time within the full fate and transport model.

8.3 Model Calibration

When configuring the model, estimates of parameter values for the transport equation terms are
established. In many cases, these estimates provide a reasonable range for the value of
parameters, but cannot identify a specific correct value for a given site condition. The
calibration process is used to seek the best fit of simulation results to a set of observed data
available for the site. In this way, the calibration assesses the adequacy of the model in
simulating the actual processes at the site. If the model meets expectations for the calibration, a
technical basis for use of the model in a predictive mode has been established. Multiple
statistically determined simulation scenarios can also be used to produce a range of model
outputs for evaluation in contrast to interpretations of a best-fit model output.

To calibrate the model, parameters need to be varied within the acceptable range established in
the model configuration and the model results compared to field data. This can be a directed
process whereby the modeler sequentially varies parameters to converge on a best-fit solution,
based on minimizing the difference between the model output and the field data. Care must be
taken in this approach to consider that there may not be a unique set of parameters that define the
best fit. However, with appropriate technical judgment, a reasonable best-fit model can be
obtained. It is important to examine the parameter values that comprise the best-fit model to
determine whether they make sense and to assess the impact of any parameters in the model that
do not have a good physical basis (i.e., fitting factors). Prior to use of the model, the technical
basis for the model fit needs to be assessed. A sensitivity assessment of the selected parameter
values and the impact on the fit of the model is one means to evaluate whether the best fit has
been obtained or whether predictive simulations should be conducted using several model
configurations rather than just one best fit. It is also possible to use computer optimization
routines to conduct the parameter variation testing and determine the best fit by comparison of
the model to field data. This process, termed inverse modelling, requires that the comparison can
be effectively described in terms of an objective function that the optimization routine can use to
assess the suitability of parameter values. Further discussion of the calibration process,
comparison to observed data, sensitivity analysis, and inverse modelling is available in a number
of documents [e.g., ASTM, 1993; ASTM, 1994; ASTM, 1996; Hill, 1998; U.S. ACE, 1999;
Neuman and Wierenga, 2003; Poeter et al., 2005].
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Calibration of a flow model is typically achieved by variation of the relevant parameters (e.g.,
the hydraulic conductivity distribution) to match hydraulic head data for the site. Calibration of
the flow model precedes calibration of the transport model, but may need to be iteratively
adjusted during on the transport model calibration process. Typically, the calibration of the
transport model is more difficult because there are more parameters that can impact the results
and there are more data for the comparison (e.g., concentrations for multiple contaminant
species). Standard groundwater interface packages provide techniques to aid in the calibration
process.

8.4 MNA Modelling

Interpretation of model results is dependent on the context of how the modelling is being applied.
This section discusses model interpretation as it applies to the identified roles of modelling for
MNA. The two basic categories for interpretation of modelling results include 1) evaluating the
impact of each attenuation process on migration of the plume, and 2) estimating whether the
remedy (i.e., MNA or MNA/EA) will meet the remediation goals.

Numerical models have the computational ability to estimate the interaction of multiple
processes temporally and spatially for scenarios that would be difficult to assess with analytical
methods. Thus, numerical models can provide information to help analyze the relative
importance of different fate and transport processes at an individual site. Using a model,
multiple simulations can be conducted with variations in the input parameters. By comparing the
results of these simulations, the relative importance of specific processes can be assessed. This
modelling approach can be implemented with simple single parameter variation or using a
statistical approach such as the Monte Carlo process.

Predictive simulations are used to estimate future plume migration under the selected
remediation scenario (e.g., MNA/EA) and thereby assess the ability of this remedy to meet
remediation goals. In some cases, it is appropriate to select specific simulation scenarios and use
the calibrated model to assess whether remediation goals will be met under these selected
conditions. Alternatively, the modelling approach may include conducting a statistical series of
simulations (e.g., Monte Carlo analysis) to predict the probability for future contaminant
distributions.

To aid in interpretation of modelling results, simulation data can be displayed a number of
different ways. These display options include 1) concentration contours, 2) transect profiles, 3)
time profiles, 4) probability contours for set concentration/risk values, and 5) probability of
exceeding a limit at a set Point of Compliance. By conducting multiple simulations of different
scenarios, models can provide information to evaluate the relative impact of each scenario in
terms of how the output described above is changed and to evaluate the sensitivity of the results
to changes in specific parameter values. The results of multiple simulations can be interpreted to
assess the uncertainty of the modelling results; that is, assessing how variations in input
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parameter data impact the model results. This uncertainty is important to consider in evaluating
whether additional characterization for model input parameters is needed or to evaluate the
technical risk of a decision based on the model results for the given level of information about
the model inputs and the model configuration/calibration.
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Summary

This document describes a suite of Monitored Natural Attenuation/Enhanced Attenuation
(MNA/EA) reaction modules that were developed for addressing complex chlorinated solvent
reactions using the RT3D numerical solute transport code. As an introduction, an overview of
these MNA/EA reaction modules is presented, including discussions of similarities between
reaction modules, the purpose of key reaction parameters, and important considerations for using
the reaction modules. Subsequent sections provide the details of the reaction kinetics
(conceptual model and equations), data input requirements, and example (batch reactor) results
for each reaction module. This document does not discuss reaction module implementation or
validation; such information will accompany the software in the form of release notes or a
supplement to the RT3D manual.

i1



v



Acknowledgment

This document is a product of the Monitored Natural Attenuation / Enhanced Attenuation for
Chlorinated Solvents Technology Alternative Project (MNA/EA Alternative Project). The
MNA/EA Alternative Project was sponsored by the U.S. Department of Energy (DOE) Office of
Cleanup Technologies and administered by the U.S. Department of Energy Savannah River (SR)
Operations Office. The authors appreciate the guidance and support of Claire H. Sink of DOE
Headquarters and Karen M. Adams of DOE SR. The authors thank Brian Looney and Karen
Vangelas of Savannah River National Laboratory and the MNA/EA Alternative Project
Technical Working Group for their review and feedback on the work documented here.



vi



Contents

SUIIMATY ...ttt e e ettt e e e ettt e e e s aaaeee e e staeeeeesseeeeesnssaeeeessseeesansseeeeanssseessanssseeesnnnns 11
ACKNOWIEAZIMENL .....viiiiiiiiiieiieiie ettt ettt et e ettt e st e e bt e ssaeesaesnseenseesasesnseennsaans \%
L0 INErOAUCTION . c..ceiiitieiieiei ettt ettt ettt st be et et esbeebeearens 1
1.1 Overview of MNA/EA Reaction ModUules..........ccceevueriiiiiniiniiiienienieeienieieeeseeieeene 2
1.2 RT3D MNA/EA Reaction Module Commonalities...........cccccevierieeniiniieinieniieenienieas 10
1.3 Discussion of Select Reaction Parameters ............cocoeviiiiiiiiinieiiienieeieesieeceee e 11
1.4  Important Considerations for Using the RT3D MNA/EA Reaction Modules............... 15
2.0  Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination.............ccccoeeueeeeennee. 17
2.1  Conceptual Model for Dechlorination Reactions...........c.cceecueeeeuiieniieeniiieiniie e 17
2.2 Reaction EQUAtiONS........cccuiiiiiiiiiiieiiie ettt e tee s e essbeeeaneeenaeeenaeeens 20
2.3 ReqUITEd INPUL.....eiiiiiieiie ettt et et e et e e s eeestbeeenseeenaeeenneenns 24
2.4 Example SImMUIAtiONS.........cooiiiiieiieniieiieeieeice ettt st te et saeeebeessaeeneeas 27
3.0  Chloromethane Dechlorination...........cccuevuieierieririenieieeieseee et 37
3.1  Conceptual Model for Dechlorination Reactions............cccceeevuvieerieenceieeniie e 37
3.2 Reaction EQUAtIONS......cccueiiiuiiieiiieeiie et eeiee ettt e e et eeetae e st e e sas e esnseeenseeennseeennes 38
3.3 ReqUITEd INPUL....eiiiiiiiiciiee ettt ettt e et eebeesaaeenbeessaeenseens 39
3.4 Example SIMUIAtIONS. ...cc.cooiiiiiiiiiieieeiiecte ettt e siee st eebeessaeenbeenaeeens 40
4.0  Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes.............ccceevvvvveeiievnnnnn. 45
4.1  Conceptual Model for Dechlorination Reactions...........c.cceccveeveuiierciieenciieeriie e 45
4.2 Reaction EQUAtiONS........cceiiiiiiiiiieeciie ettt et e evee s veeessb e e eaaeeenaeeenaeeens 47
4.3 ReqUIred INPUL.....cooiiiiiieiiece ettt ettt et e et beenneas 50
4.4 Example SImMUIAtIONS.........cooiiiiiiiieiiieiieeie ettt ettt ite e steesbeenaeeebeesaneeneeas 52
5.0  Dechlorination of 1,1,1,2-Tetrachloroethane and Chloroethenes..........cccovvvvveiiiiiviinnnnen. 57
5.1  Conceptual Model for Dechlorination Reactions............cccceeevvieecieeeiieeniieeciee e 57
5.2 Reaction EQUAtIONS. ......ccciiiiiiiieiieeiiieeiie ettt ettt et e ettt e ebeestaesbeesaeeesbeensaeenseens 59
5.3 ReqUITEd INPUL....ciiiiiiiiiiieie ettt ettt et taesbeesaaeenbeessaeenseens 62
54  Example SIMUIATIONS. ...cc.ciiiiiiiiiiiiieiie ettt ettt seeeete et e ebeessaesabeesaeeens 63

vil



6.0  Chloroethene Dechlorination ...........c.ccecuerieriiieniineiieseeee et 69
6.1  Conceptual Model for Dechlorination Reactions.............ccceeueriieiienieeniienieeiiesie e 69
6.2  Reaction EQUAtiONS.......cueieiuiiiiiiiieiiie et eeite et et et e e etee et e e sareeesabeeeeseeenseeennes 70
6.3 ReqUITEd INPUL.....coiiiiiiiie e ettt e et e e e e et e e sab e eebeeenaeeeans 72
6.4  Example STMUIAtiONS.......ccccuiiiiiieiiiiecieeeiee ettt et eeser e e et e e s taeeenbaeeseseeessseeennes 73

7.0  Redox-Linked Dechlorination of Chloroethenes..............coccueeviiriieniieniieiieiecieeie e 79
7.1  Conceptual Model for Dechlorination Reactions.............ccceeeeriierieenieeniieniieieesie e 79
7.2 Reaction EQUAtIONS.......cueiiiuiiiiiiieeiie et eeiee ettt e et e e st e e st eesareeesnseeesseeenneeennes 82
8 T T |1 (e B 2o RS 88
7.4  Example SIMUIATIONS. ......cooiiiiiiiiiieieeiiecte ettt ettt seeete e e ebeessaesnbeenaeeens 90

8.0  Substrate-Linked Reductive Dechlorination of Chloroethenes .............cccceeeienieniiennnnne. 97
8.1  Conceptual Model for Dechlorination Reactions..............ccceeveeriienieeiienienieeieeeenn 97
8.2 Reaction EQUAatiONS......c..cciiiiiiiiie ettt ettt e e e e e ee e 99
8.3 ReqUITEd INPUL.....cciiiiiiiieee et e e e e e e e e e eaaeeens 103
8.4  Example SIMUIAtIONS. .....c.ccoiiiiieriieiieeiieeie ettt ettt e e e ssaeeneeas 105

9.0 Cometabolic Aerobic Dechlorination of Chloroethenes............cccceecveeviieniiiciienienieenen. 113
9.1  Conceptual Model for Dechlorination Reactions............ccccceeevvieeiieeeciieeniie e 113
0.2 Reaction EQUAatIONS. ......cueeiiuiiieiiieeeiieeciieeeieeesiee et e et e e e teeesaaeesvaeesnseeessseeenseeennseeens 115
0.3 ReqUITEd INPUL....oeiiiieiiie ettt e et e e s aa e e s e e e ssbeeessseeenseeesseeens 116
0.4  Example SIMUIAtioNS........cccuiiiiiiiiiiiieeie ettt ettt beesaeeebeesnaeennees 117

LO.00 RETETEICES ...cueiiiiiieieeitet ettt ettt et st sae et saeesbeetesaeens 121

viil



10

11
12
13
14
15

16
17
18
19

20

21
22

Figures

Flowchart Depicting the Logic for Selection of RT3D MNA/EA Reaction
Modules Based on the Contaminant(s) Present, What Data is Available, and

the MNA/EA Scenario under Consideration .............cccveeeeveeeeieeeeieeeeieeeereeesreeeevee e 4
Reaction Pathway Network for Chlorinated Ethenes, Ethanes, and Methanes ..................... 7
Arbitrary Examples of the Curves Obtained for Monod and Inhibition Terms................... 13

Example of a Reactive Transport Model Having Multiple Reaction Zones, Each
with Differing Reaction Parameter Values.........c.cccccevieviriiinieninieniicicceeeeen 14

Conceptual Model for Dechlorination Reactions in the Mixed Chloroethene/
Chloroethane/Chloromethane Dechlorination Reaction Module..............cccceevueenneen. 19

Dechlorination of Mixed Chlorinated Solvents under Anaerobic Conditions Using

the Parameter Values Shown in Table ........ccooovviiiiiiiiiiiiiiiiiieeee et 32
Dechlorination of Mixed Chlorinated Solvents under Aerobic Conditions Using

the Parameter Values ShoWn in Table 9.......ooooiviviiiiiiiiiiiiieieieeee e 33
Dechlorination of Mixed Chlorinated Solvents Using the Parameter Values

ShOWN 10 TaDIE 10 .....uviiiiiiiieeceeee et e e e e eaaeeeeeans 34
Aerobic and Abiotic Degradation Using the Parameter Values Shown in Table 11........... 35
Conceptual Model for Dechlorination Reactions in the Chloromethane

Dechlorination Reaction ModUle..............eeviiiiiiiiiiiiiiiiiiieieeieeeeeee e 38
Dechlorination of CT Using the Parameter Values Shown in Table 14.............ccceeenneeen. 41
Dechlorination of CT Using the Parameter Values Shown in Table 15............ccccceennnnnen. 42
Dechlorination of CT Using the Parameter Values Shown in Table 16.............ccccune.... 42
Aerobic and Abiotic Degradation Using the Parameter Values Shown in Table 17........... 43
Conceptual Model for Dechlorination Reactions in the Dechlorination of 1,1,2,2-

Tetrachloroethane and Chloroethenes Reaction Module.............ccooveevvveieniiiiiiinnnnnee. 47
Dechlorination of 1,1,2,2-TeCA Using the Parameter Values Shown in Table 20............. 55
Dechlorination of 1,1,2,2-TeCA Using the Parameter Values Shown in Table 21 ............. 55
Dechlorination of 1,1,2,2-TeCA Using the Parameter Values Shown in Table 22 ............. 56
Aerobic and Abiotic Degradation of Contaminants in the 1,1,2,2-TeCA and PCE

Families Using the Parameter Values Shown in Table 23.........cccocceviviiniiiiniencnnnn. 56
Conceptual Model for Dechlorination Reactions in the Dechlorination of 1,1,1,2-

Tetrachloroethane and Chloroethenes Reaction Module............ccoovvvvuvviieviiiiiiiinnnee. 59
Dechlorination of 1,1,1,2-TeCA Using the Parameter Values Shown in Table 26............. 66
Dechlorination of 1,1,1,2-TeCA Using the Parameter Values Shown in Table 27 ............. 66

X



23
24

25

26
27
28
29
30

31
32

33

34

35

36

37

38
39

40
41
42

43

44
45

Dechlorination of 1,1,1,2-TeCA Using the Parameter Values Shown in Table 28 ............. 67
Aerobic and Abiotic Degradation of Contaminants in the 1,1,1,2-TeCA and PCE

Families Using the Parameter Values Shown in Table 29..........ccccceoiviiniininiinennnn. 67
Conceptual Model for Dechlorination Reactions in the Chloroethene

Dechlorination Reaction Module............cocoviiriiiiiiiniiiiinieeeccceeeeeeee 70
Dechlorination of PCE Using the Parameter Values Shown in Table 32..........cccccoceeenee. 75
Dechlorination of PCE Using the Parameter Values Shown in Table 33............cccccuee.... 76
Dechlorination of PCE Using the Parameter Values Shown in Table 34.............ccocevene. 76
Aerobic and Abiotic Degradation Using the Parameter Values Shown in Table 35........... 77
Conceptual Model for the Dechlorination Reactions of the Redox-Linked

Dechlorination of Chloroethenes Reaction Module ...........ccccceevirieniininiinenieneenne. 81
pE Value at Which Each Anaerobic Dechlorination Mechanism Dominates ..................... 86
Example Simulation 1: Dechlorination of PCE and TCE Using the Parameter

Values Shown in Table 39 ... 92
Example Simulation 2: Dechlorination of cDCE and VC Using the Parameter

Values Shown in Table 39 ... 93
Example Simulation 3: Dechlorination of PCE and TCE Using the Parameter

Values Shown in Table 40 .......cccooiiiii e 94
Example Simulation 4: Dechlorination of PCE and TCE Using the Parameter

Values Shown in Table 40 ........ccooiiiiiie e 95
Conceptual Model for the Reductive Dechlorination Reactions of the Substrate-

Linked Reductive Dechlorination of Chloroethenes Reaction Module...................... 99
Conceptual Diagram of the Behavior of the Function Representing a Change in

Conditions as a Smooth Transition in the Form of a Sigmoidal Curve.................... 100
Dechlorination of PCE Using the Parameter Values Shown in Table 43.......................... 109
Concentrations of Organic Acids, Hydrogen, and Methane During Dechlorination

of PCE Using the Parameter Values Shown in Table 43.........ccccoceviiniiiiniencnnne. 109
Dechlorination of PCE Using the Parameter Values Shown in Table 44......................... 110
Dechlorination of PCE Using the Parameter Values Shown in Table 45.......................... 110
Concentrations of Organic Acids, Hydrogen, and Methane During Dechlorination

of PCE Using the Parameter Values Shown in Table 45..........ccccocovieiiiinieniiieneenen. 111
Conceptual Model for Biomass Growth, Decay, and Cometabolic Degradation

REACHIONS ...ttt ettt ettt st ae e 114
Dechlorination of TCE Using the Parameter Values Shown in Table 48.......................... 118
Dechlorination of VC Using the Parameter Values Shown in Table 48..............ccccuee.... 119



A LW =

10

11

12

13
14

15

16

17

Tables

Chlorinated Contaminant Species Grouped by Contaminant Type........cccceeeveeeeieeenrveennnenn. 3
Summary of RT3D Reaction MOdUIES .........ccceecuieriiiiiieiiieiieieeicee et 4
Descriptions of Biological and Abiotic Dechlorination Reactions...........cccceevveeeciieercneeennenn. 8

Example of Stoichiometric Dechlorination Yield Resulting From Transformation
OF 1.5 MOLES OF 1,1,2-TICA . ..cooeiiiiieeeeeeeeeee ettt ettt e e e s 12

Chemical Species Included in the Mixed
Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction
IMLOAUIE ... e e e et e e e e e e e e e e e e e e e e e e e e e aaeeaaaeaes 18

Reaction Pathways Without Laboratory Data in the Open Literature, but Which
Are Included in the RT3D MNA/EA First-Order Reaction Modules ........................ 19

Input Parameters for the Mixed Chloroethene/Chloroethane/Chloromethane
Dechlorination Reaction Module............cccooiiiiiiiiiiiiieeee e, 24

Parameter Values for Example Simulation 1 — Anaerobic Conditions — with the
Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction

Parameter Values for Example Simulation 2 — Aerobic Conditions — with the
Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction
IMIOAUIE ...ttt ettt e e e e e e e e e e e e e eaeaeeeaeeeaeaaaeaes 29

Parameter Values For Example Simulation 3 — Anaerobic Case Equivalent to
Table 20 — With The Mixed Chloroethene/Chloroethane/Chloromethane
Dechlorination Reaction MOAUIE ..........eueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeenenes 30

Parameter Values for Example Simulation 4 — Aerobic Case Equivalent to Table
23 — with the Mixed Chloroethene/Chloroethane/Chloromethane
Dechlorination Reaction Module............cccoocieiiiiiiiniiniieiececeeee e 31

Chemical Species Included in the Chloromethane Dechlorination Reaction
IMOAULL ...ttt ettt ettt sb ettt et 37

Input Parameters for the Chloromethane Dechlorination Reaction Module ....................... 40

Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Chloromethane Dechlorination Reaction Module...........ccccoeeveveeiieenieennenn. 40

Parameter Values for Example Simulation 2 — Rates at 10% of Example
Simulation 1 — with the Chloromethane Dechlorination Reaction Module................ 40

Parameter Values for Example Simulation 3 — Different F Values Than Example
Simulation 1 — with the Chloromethane Dechlorination Reaction Module................ 41

Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions —
with the Chloromethane Dechlorination Reaction Module...........ccccocevieeeiieeieennnenn. 41

x1



18

19

20

21

22

23

24

25

26

27

28

29

30
31
32

33

Chemical Species Included in the Dechlorination of 1,1,2,2-Tetrachloroethane
and Chloroethenes Reaction Module.............ccuoiiiiiiiiiiiiiieeecee e 46

Input Parameters for the Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes Reaction Module...........cc.oooeeiiiiiiiiiiiec e 50

Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes
ReaCtion IMOAUIC ........oooiiiiiiceec et 53

Parameter Values for Example Simulation 2 — Rates at 10% of Example
Simulation 1 — with the Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes Reaction Module...........ccoooeeiiiiiiiiiiiiie e 53

Parameter Values for Example Simulation 3 — Different F Values Than Example
Simulation 1 — with the Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes Reaction Module...........c..oooieiiiiiiiiiiiiec e 54

Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions —
with the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes
ReaCtion IMOAUIC ........cooiiiiiicieee et e e e es 54

Chemical Species Included in the Dechlorination of 1,1,1,2-Tetrachloroethane
and Chloroethenes Reaction Module............ocoviiiiiiiiiiiiiciiicce e 58

Input Parameters for the Dechlorination of 1,1,1,2-Tetrachloroethane and
Chloroethenes Reaction ModULE............cccuviieiiieiiiieciie e 62

Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Dechlorination of 1,1,1,2-Tetrachloroethane and Chloroethenes
ReacCtion MOAUIE........cccuiieeiiieciee ettt et e et e s tae e e e e e naeennaeees 64

Parameter Values for Example Simulation 2 — Rates at 10% of Example
Simulation 1 — with the Dechlorination of 1,1,1,2-Tetrachloroethane and
Chloroethenes Reaction ModUIE............cccuiiieiiieiiiicciie et 64

Parameter Values for Example Simulation 3 — Different F Values Than Example
Simulation 1 — with the Dechlorination of 1,1,1,2-Tetrachloroethane and
Chloroethenes Reaction Module............c.oooeeiiiiiiiiiiiee e 65

Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions —
with the Dechlorination of 1,1,1,2-Tetrachloroethane and Chloroethenes

Reaction MOdUIE............ooiiiiiiiiiiee e 65
Chemical Species Included in the Chloroethene Dechlorination Reaction Module............ 69
Input Parameters for the Chloroethene Dechlorination Reaction Module........................... 73

Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Chloroethene Dechlorination Reaction Module ............cceceecieiiniincnincnnns 74

Parameter Values for Example Simulation 2 — Rates at 10% of Example
Simulation 1 — with the Chloroethene Dechlorination Reaction Module................... 74

xil



34

35

36

37
38

39

40

41

42

43

44

45

46

47

48

Parameter Values for Example Simulation 3 — Different F Values Than Example
Simulation 1 — with the Chloroethene Dechlorination Reaction Module................... 74

Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions —

with the Chloroethene Dechlorination Reaction Module ............cccooeeiiiiiininnnen. 75
Chemical Species Included in the Redox-Linked Dechlorination of Chloroethenes

Reaction MOdUIE........couiiiiie et 80
Free Energy for Chemical Species of INterest ..........cocvveeeviiieiiiiciiieeie e 85

Input Parameters for the Redox-Linked Dechlorination of Chloroethenes
Reaction MOdUIE.........ccooiiiiiiiiicice e 88

Parameter Values for Example Simulations 1 and 2 with the Redox-Linked
Dechlorination of Chloroethenes Reaction Module ...........ccccooeieieiiiininininnnnns 91

Parameter Values for Example Simulations 3 and 4 with the Redox-Linked
Dechlorination of Chloroethenes Reaction Module ...........ccccoceeieieiiiiininininnenns 91

Chemical Species Included in the Substrate-Linked Reductive Dechlorination of
Chloroethenes Reaction ModUle............cooviiiiiiiiiiiiiiieeiicee e 98

Input Parameters for the Substrate-Linked Reductive Dechlorination of
Chloroethenes Reaction Module............cocoeiiiiiiiiiiiniiiinininieceececeeee 103

Parameter Values for Example Simulation 1 with the Substrate-Linked Reductive
Dechlorination of Chloroethenes Reaction Module ...........ccocoeiiieiiiniiniinincnnnnene. 106

Parameter Values for Example Simulation 2 with the Substrate-Linked Reductive
Dechlorination of Chloroethenes Reaction Module ...........cccoceeiiieiiiiiniinincnennene. 107

Parameter Values for Example Simulation 3 with the Substrate-Linked Reductive
Dechlorination of Chloroethenes Reaction Module ...........cccocoeiiiiiiiiinininnennne. 108

Chemical Species Included in the Cometabolic Aerobic Dechlorination of
Chloroethenes Reaction Module............cooouiiiiiiiiiniiiiieie e 114

Input Parameters for the Cometabolic Aerobic Dechlorination of Chloroethenes
Reaction MOdULE.........coooiiiiiiiiiicceece e 117

Parameter Values for Example Simulations 1 and 2 with the Cometabolic Aerobic
Dechlorination of Chloroethenes Reaction Module ............cccceeiiiniieiiiiniiiiiee, 118

xiil



X1v



1.0 Introduction

Monitored Natural Attenuation (MNA) is an environmental management strategy that relies on a
variety of attenuation processes to destroy, transform, or immobilize contaminants and is
implemented at appropriate sites by demonstrating that contaminant plumes have low risk and
are either stable or shrinking. Numerical modelling can be one component of an assessment of
MNA or Enhanced Attenuation (EA) (i.e., if MNA is not a viable single remedy). Numerical
reactive transport modelling provides a tool with which to quantify the relative stability of a
contaminant plume, particularly in cases where simpler evaluations are not suitable because of
complex hydrology, past activity at the site, multiple contaminant sources, and/or complex
reaction of multiple species. Selection of an appropriate model configuration to represent spatial
and temporal variations in site-specific attenuation processes can facilitate assessment of the
contaminant loading and attenuation capacity (i.e., mass balance) at the site.

RT3D is a numerical code for simulating three-dimensional multi-species reactive transport in
groundwater for a user-configured site model [Clement, 1997; Clement et al., 1998; Clement and
Johnson, 2002; Johnson et al., 2006]. RT3D can provide information to help analyze the relative
importance of different fate and transport processes at an individual site and assess the plume in
terms of a mass balance approach. A RT3D model can also be used to estimate the future fate
and transport of contaminants. These predictions can be valuable input, along with other site
information, in making timely decisions regarding implementation of remedial actions or for
planning monitoring activities. A key function of the predictive capability of models is to
estimate whether the remedy will meet the remediation goals when this determination cannot be
made directly with field data.

The RT3D code solves a system of reactive transport equations for the tracked chemical species
using an operator-split strategy to uncouple the advection, dispersion, source/sink mixing, and
reaction terms of the governing transport equations [Johnson and Truex, 2006]. These separate
terms are encapsulated in so-called "Packages," which delineate portions of the code as well as
the required data input. RT3D improved on the publicly available MT3D code (whose more
recent versions go by the name MT3DMS [Zheng and Wang, 1999]) by entirely replacing the
Reaction Package code. The Reaction Package for RT3D is structured such that the reaction
terms split off from the transport equations can be assembled into a reaction module comprised
of a set of coupled ordinary differential equations (ODEs). Multiple reaction modules are
defined within the RT3D code, with each reaction module encapsulating a set of kinetic
equations that describe reaction of specific contaminants. Different approaches for describing
contaminant degradation or transformation may be implemented for the same contaminants in
different reaction modules.

RT3D versions 1.0 and 2.5 [Clement, 1997; Clement and Johnson, 2002] included a set of
general-purpose reaction modules, including BTEX degradation (kinetic and instantaneous),
rate-limited sorption, double Monod kinetics, and two simple chlorinated ethene reaction



modules. Additionally, RT3D has the ability to apply any user-defined reaction kinetics. While
this user-defined option provides a means to employ more complex chlorinated solvent reaction
kinetics, practitioners may not take advantage of this approach for two primary reasons. Users
that configure an RT3D model through the graphical interface of a groundwater modelling
software package may overlook the potential of the user-defined reaction module option if that
option is absent in the graphical interface. Secondly, even when practitioners are aware of the
user-defined reaction module option, they may view it as intimidating because it involves writing
and compiling Fortran code.

This document describes a suite of MNA/EA reaction modules that were developed for
addressing complex chlorinated solvent reactions using RT3D. As an introduction, an overview
of these MNA/EA reaction modules is presented, including discussions of similarities between
reaction modules, the purpose of key reaction parameters, and important considerations for using
the reaction modules. Subsequent sections provide the details of the reaction kinetics
(conceptual model and equations), data input requirements, and example (batch reactor) results
for each reaction module. This document does not discuss reaction module implementation or
validation; such information will accompany the software in the form of release notes or a
supplement to the RT3D manual [Clement, 1997].

1.1 Overview of MNA/EA Reaction Modules

Eight RT3D reaction modules were developed for modelling complex chlorinated solvent
reaction kinetics as part of evaluating MNA or EA. These eight modules are applicable for
simulation of reactive transport of the chlorinated solvent chemicals listed in Table 1. Figure 1
shows the basic decision process for selecting one of these reaction modules for use in assessing
MNA applications at a specific site, depending on the contaminant group or groups that are
present. In the case where only chloroethenes are of concern, the selection also depends on
whether there is enough information and a desire to explicitly model a link between geochemical
oxidation/reduction conditions and dechlorination. For MNA/EA sites, chloroethene reductive
dechlorination using substrate/biomass-dependent reaction rates or cometabolic aerobic
dechlorination can be selected to model the impact of biostimulation on dechlorination. Table 2
summarizes the purpose of the RT3D reaction modules (both the existing ones and those
described in this document). Table 2 also lists the total number of chemical species that are
tracked, the number of constituents that are in the mobile aqueous phase (versus attached to the
immobile soil phase), and the number of reaction parameters required for each reaction module.



Table 1. Chlorinated Contaminant Species Grouped by Contaminant Type

. Contaminant Name Chemical CAS MOI?CUIT
Abbreviation o) Formula RN® Weight
ynomy (g/mol)
Tetrachloroethene B
PCE (Tetrachloroethylene, Perchloroethene) CCL=CCLy | 127-18-4 1 165.8334
TCE Trichloroethene CHCI=CCl, | 79-01-6 | 131.38834
2 (Trichloroethylene)
= X X
9 cis-1,2-Dichloroethene
= -cis- ’ = -59-
§ 1,2-cis-DCE (cis-1,2- Dichloroethylene, cis-DCE, c-DCE) CHCI=CHCI | 156-59-2 96.94328
S
= trans-1,2-Dichloroethene _
s 1,2-trans-DCE (trans-1,2-Dichloroethylene, trans-DCE, t-DCE) CHCI=CHCL | 156-60-5 96.94328
1,1-Dichloroethene _
1,1-DCE (11-Dichloroethylene) CCl,=CH, 75-35-4 96.94328
Chloroethene
ve (Vinyl Chloride, Chloroethylene) CH=CHCL | 75-01-4 1 6249822
1,1,2,2-TeCA |1,1,2,2-Tetrachloroethane CHCI,-CHCIl, | 79-34-5 | 167.84928
1,1,2-Trichloroethane
) 1,1,2-TCA (Vinyl Trichloride) CH,CI-CHCIl, | 79-00-5 | 133.40422
D
5 1,2-Dichloroethane
[ s
g 1,2-DCA (Ethane Dichloride) CH,CI-CH,CI | 107-06-2 | 98.95916
(=]
E 1,1,1,2-TeCA |1,1,1,2-Tetrachloroethane CHCI-CCl; | 630-20-6 | 167.84928
5 1,1,1-TCA | 1,1,1-Trichloroethane CH;-CCl, 71-55-6 | 133.40422
1,1-DCA 1,1-Dichloroethane CH;-CHCl, 75-34-3 98.95916
Chloroethane
CA (Ethyl Chloride) CH;5-CH,CI | 75-00-3 64.5141
Tetrachloromethane
4 cT (Carbon Tetrachloride) CCly 56-23-5 1 153.8227
=
s Trichloromethane
=
g CF (Chloroform) CHCl; 67-66-3 | 119.3776
2 Dichloromethane
(=] - -
5 DCM (Methylene Dichloride, Methylene Chloride) CHCL, 75-09-2- | 8493258
Chloromethane
CM (Methyl Chloride) CH;Cl 74-87-3 50.48752

a

CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)
Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].
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Figurel. Flowchart Depicting the Logic for Selection of RT3D MNA/EA Reaction Modules

Based on the Contaminant(s) Present, What Data is Available, and the MNA/EA
Scenario under Consideration

Table 2. Summary of RT3D Reaction Modules (Existing and New)

:Ef RI3D Reaction Brief Description / P ICihL L Nl:mbte:r of
Z Module ption / Purpose (MCOMP)" eaction .
e Parameters
¢ No Reaction Simulation of non-reactive tracer. user 0
specified
Two-Species Instantaneous stoichiometric consumption of electron donor
¢ Instantaneous (e.g. hydrocarbon) and electron acceptor (e.g., oxygen) in 2 (2) 1
Reactions each transport time step. BIOPLUME-II type reactions.
Six Species, First- First-order degradation of electron donor (e.g., BTEX) under
Order, Rate- up to six electron acceptor regimes, each with it's own
R Limited, BTEX reaction rate. Electron acceptors are utilized in a sequential 6 (6) 21
Degradation using  manner in the order of O,, NO;, Fe*', SO,%, and CO, (i.c.,
Sequential Electron oxygen is the preferred electron acceptor until it is consumed,
Acceptors then the nitrate regime controls, and so on).




Table 2. (contd)

; Number of
'E) RT3D Reaction Brief Description / Purpose NCOMP Il{l;:cteil(;:
Z Module P P (MCOMP)"® .
4 Parameters
Sorption is represented as a mass transfer-limited process that
is a function of a mass transfer rate and the concentration
R Rate-Limited driving force between aqueous and adsorbed phases. 2 (1) )
Sorption Equilibrium adsorption should not be used concurrently with
this reaction module. No degradation is included in this
reaction module, only the rate-limited sorption.
Reaction between an electron donor and an electron acceptor
that is mediated by actively growing and decaying bacteria.
Bacteria are present in both aqueous and soil phases, where
transfer between phases is based on first-order kinetic
Double Monod . . . . .
¢ expressions. No specific microscopic biomass structure is 4 (3) 8
Model o e .
assumed, and diffusional limitations across any soil phase
biofilm are neglected. Permeability and porosity changes
caused by bacterial growth are not accounted for in this
reaction module.
Sequential First- Seguential degradation 'reacti(?ns for up to 4 chemical species
¢ Order Deca using first-order reaction kinetics (e.g., PCE = TCE = 4 4) 7
y DCE - VC).
Aerobic/Anaerobic  Degradation of chlorinated ethenes (PCE, TCE, DCE, and
¢ PCE/TCE VC) via both aerobic and anaerobic pathways, which are 6 (6) 9
Dechlorination described with first-order reaction kinetics.
. . . . . user
User-specified reaction kinetics. Any suitable/appropriate user specified:
R User-Defined reaction kinetics may be described and implemented with this  specified; lilinite d t(;
Kinetics reaction module using the approach described in the RT3D  limited to
) 100
manual [Clement, 1997]. 100 species
parameters
Mixed Dechlorination of a mixture of chloroethene, chloroethane,
Chloroethene/ .
and chloromethane compounds using first-order rate
Chloroethane/ . . . . . 18 (18) 53
expressions.  This reaction module includes aerobic,
Chloromethane . . .. .
R anoxic/anaerobic, and abiotic reactions.
Dechlorination
Dechlorination of chloromethane compounds using first-
Chloromethane . . . .
L. order rate expressions. This reaction module includes 5 (5) 9
Dechlorination . . . .. .
aerobic, anoxic/anaerobic, and abiotic reactions.
Dechlorination of Dechlorination of 1,1,2,2-tetrachloroethane and chloro-
1,1,2,2- ethenes using first-order rate expressions. Includes 1 35
Tetrachloroethane 1,12-TCA and 1,2-DCA. This reaction module includes

and Chloroethenes

aerobic, anoxic/anaerobic, and abiotic reactions.




Table 2. (contd)

£  RT3D Reaction Brief Descrintion / P NCOMP Nl'{’mbf,r of
2 Module ption / Purpose (MCOMP)" eaction .
el Parameters
Dechlorination of Dechlorination of 1,1,1,2-tetrachloroethane and chloro-
1,1,1,2- ethenes using first-order rate expressions. Includes 1 (11 )3
Tetrachloroethane 1,1,1-TCA and 1,1-DCA. This reaction module includes
and Chloroethenes aerobic, anoxic/anaerobic, and abiotic reactions.
Dechlorination of chloroethene compounds using first-order
rate expressions. All DCE isomers are included and
additional pathways are represented (as compared to the
](;:zrl.(()):it::tni(em Aerobic/Anae.:robic PCE/TCE De.chlorinatior.l reactiqn 7 (7) 16
module). This module includes aerobic and anoxic/anaerobic
reactions (abiotic reactions are negligible for chlorinated
ethenes).
Dechlorination of chloroethene compounds using first-order
rate expressions.  This module includes aerobic and
anoxic/anaerobic reactions, where the rate of these reactions
is controlled by the oxidation/reduction conditions in the
Redox-Linked aquifer. Oxygen, nitrate, iron, sulfate/sulfide, and methane
Dechlorination of are used as indicator compounds to define the geochemical 15 (14) 39
Chloroethenes conditions. = The user may choose to fix the spatial
distribution of the geochemical indicator concentrations or
allow the geochemical indicator compounds to undergo
oxidation/reduction to give a time-varying spatial distribution
of geochemical conditions.
Substrate-Linked Reductive dechlorination of chloroethene compounds using
Reductive substrate/biomass-dependent reaction rates. The rates of
s L . 15 (12) 44
Dechlorination of dechlorination reactions are dependent on substrate (lactate)
Chloroethenes consumption and microbial growth.
Cometabolic Cometabolic dechlorination of TCE, DCE isomers, and VC
Aerobic by methanotrophic bacteria. The rate of dechlorination is
S . . . 8 (6) 18
Dechlorination of dependent on the rate of methane consumption and microbial
Chloroethenes growth.

a

b

compounds that are mobile (aqueous phase species).

variable distribution through the spatial domain.

These reaction modules (marked with a ¢ ) were available beginning with RT3D version 1.0 [Clement, 1997].
NCOMP is the total number of chemical compounds that are tracked and MCOMP is the number of chemical

Reaction parameters must all be of the same type, with either a constant value for all spatial locations or with a




Five of the RT3D MNA/EA reaction modules represent the dechlorination reaction pathways for
various mixtures of chlorinated ethenes, chlorinated ethanes, and chlorinated methanes. The
complex network of biological and abiotic reaction pathways that are represented in these
modules are depicted in Figure 2. The five reaction modules represent (1) the full reaction
pathway network, (2) the chlorinated methanes only, (3) the 1,1,2,2-TeCA/PCE contaminant
families, (4) the 1,1,1,2-TeCA/PCE contaminant families, and (5) the chlorinated ethenes only.
The reaction network does not include heterogeneous abiotic reactions or abiotic reactions with
half-lives of more than 200 years. Because these reaction modules target MNA conditions,
cometabolism pathways (aerobic or anaerobic) are also not included.
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Figure2. Reaction Pathway Network for Chlorinated Ethenes, Ethanes, and Methanes —
Heterogeneous abiotic reactions, abiotic pathways with a half-life greater than 200
years, and cometabolic reaction pathways are not included.

Aerobic, anoxic, and anaerobic biological reaction pathways/conditions are all represented using
first-order rate expressions. Table 3 describes the types of reaction processes that are noted for
the pathways in Figure 2. The spatial distribution of a degradation regime (i.e., aerobic, anoxic,
anaerobic, etc.) is delineated via user-specified zones within the RT3D model [e.g., Johnson et
al., 2003a; Clement et al., 2000]. Reaction rates should be defined for each zone to represent the



expected microbial activity of that zone. The relevant reactions for a specific site (as determined
by the user) may include all or some of the reaction pathways available in a reaction module. In
zones where a reaction pathway is inactive, the spatially variable rate coefficient (and/or
stoichiometric yield) is set to zero. For instance, an aerobic zone may have aerobic rate
coefficients set to some appropriate value, while in the same zone the rate coefficients for
anaerobic reactions would be zero. These five reaction modules also include first-order rate
expressions for the abiotic degradation reactions shown in Figure 2.

Table 3. Descriptions of Biological and Abiotic Dechlorination Reactions

Reaction Abbreviation Description of Reaction
Aerobic Direct ADM Use of the chlorinated compound as an electron donor for aerobic
Metabolism metabolism.
Anaerobic Direct ANDM Use of the chlorinated compound as an electron donor for anaerobic
Metabolism respiration — typically coupled to iron reduction.

Homogeneous abiotic dechlorination as an initial reaction step — no
Abiotic Hydrolysis AH specific reaction for this classification. The primary end product of
this pathway is shown, omitting intermediate reaction steps.

Dechlorination of a compound where the compound is used as an
electron acceptor, the bacteria may or may not gain energy by
reduction of the compound. This reaction removes two chloride
atoms in an elimination reaction. The more general term for this
reaction is dihaloelimination.

Dichloroelimination DC
(vicinal reduction)

This reaction removes one chloride atom and one proton in an
elimination reaction. This reaction is usually referred to as abiotic,
but studies indicate that the reaction can be enhanced/catalyzed by

Dehydrochlorination DHC bacteria [e.g., Maymod-Gatell et al., 1999] and/or minerals (e.g.,
clay) [e.g., Cervini-Silva et al., 2003]. The more general term for
this reaction is dehydrohalogenation. Sometimes this type of
reaction is referred to as dehydrodehalogenation.

Dechlorination of a compound where the compound is used as an

Reductive . .
. electron acceptor, the bacteria may or may not gain energy by
Dechlorination RD . . . .
. reduction of the compound. This reaction removes one chloride
(hydrogenolysis)

atom from the compound and replaces it with a proton.

As an alternative to defining fixed spatial zones of activity, a reaction module is provided for
first-order dechlorination of chlorinated ethenes by natural attenuation processes where the
pathways and rates of transformation are dependent on the oxidation-reduction (redox)
conditions. In the presence of oxygen, the reaction module allows aerobic dechlorination of
DCE isomers and VC to occur. However, the presence of oxygen or nitrate inhibits the
anoxic/anaerobic dechlorination pathways of the reaction module. At low oxygen
concentrations, the dominant redox condition for the reaction module is determined based on the
concentrations of the three key redox couples: iron (ferrous iron/amorphous ferric hydroxide),



sulfur (sulfate/sulfide), and methane (methane/CO;). Note that this reaction module does not
perform full geochemical equilibrium calculations, but provides a simplified framework to
represent the oxidation-reduction conditions in the aquifer. Tracking the redox conditions based
on the oxygen, nitrate, iron, sulfur, and methane geochemical indicator species allows the user to
model a continuum of reaction regimes whose spatial extent may vary over time as the redox
conditions change. Alternately, this reaction module can use a fixed (temporally constant)
spatial distribution of dechlorination activity that is defined based on the initial concentrations
for the geochemical indicator species.

This redox-dependant reaction module is founded on the assumption that the redox conditions
(determined from the key redox couples) control the dechlorination reaction rate. Based on the
premise that degradation under natural attenuation conditions occurs as a result of the activity of
a widely distributed and essentially constant low concentration population of indigenous
bacteria, this reaction module does not track microbial growth. The bacterial species that are
active, and hence the rate at which dechlorination occurs, is assumed to be dependent on the
geochemical conditions. If sufficient substrate is present at a site to drive bacterial growth
dynamics, other reaction modules that consider biomass growth and subsequent impacts to
dechlorination rate (e.g., substrate-linked dechlorination) should be used.

Two reaction modules are provided for enhanced attenuation (or accelerated in situ
bioremediation). Biostimulation through addition of a readily fermentable substrate is a common
approach to increase the dechlorination rates. The substrate-linked reaction module provides a
method for modelling the biodegradation rate of chlorinated ethenes as a function of the amount
of biomass that grows on the supplied substrate. The substrate is represented by lactate, which
may be fermented to propionate, acetate, and hydrogen by fermenting bacteria. Methanogenic
bacteria, growing on acetate and hydrogen, drive the reductive dechlorination of the chlorinated
ethenes in this reaction module.. Because the anaerobic dechlorination reaction rates are linked
to the microbial population, the rates are inherently based on a spatially variable continuum.
Aerobic direct metabolism of DCE and VC is represented using first-order rate expressions

The other enhanced attenuation RT3D reaction module is aerobic cometabolism of chlorinated
ethenes (excluding PCE). Cometabolic chlorinated ethene degradation in this reaction module is
dependent on the concentration of the chlorinated ethene compound and the concentration of
methanotrophic bacteria, is inhibited by methane, requires oxygen, and deactivates biomass (i.e.,
the module indirectly accounts for destruction of the monooxygenase enzyme by the chlorinated
ethene degradation intermediate epoxide compounds). Methanotroph biomass growth occurs in
response to the availability of methane and oxygen. As with the substrate-linked reaction
module, the dechlorination reaction rates are implicitly spatially variable because of the
dependence on the biomass concentration.



1.2 RT3D MNA/EA Reaction Module Commonalities

Although the MNA/EA reaction modules discussed in this document represent different reaction
kinetics, they share certain common features/concepts. These common features are presented in
this section.

Every MNA/EA reaction module described in this document is configured for chemical species
concentrations in units of mg/L, although the actual kinetic equations are typically based on
moles instead of mass. Reaction parameters are requested in convenient units and are internally
converted to a molar basis where required.

All of these MNA/EA reaction modules include a conservative tracer as one of the tracked
chemical species. This allows the user to assess non-reactive transport without completing a
separate model configuration and simulation run. Information on the transport of a conservative
tracer can be useful, for example, in the calibration of a model or in assessing "what if"
scenarios.

Transformation/degradation reactions of the contaminants (biotic and abiotic) are assumed to
occur only for the aqueous phase (dissolved) contaminant mass in all of these MNA/EA reaction
modules. Thus, there is no degradation of the sorbed contaminant. This is a conservative
assumption in terms of being protective of groundwater receptors. If sorbed-phase contaminant
mass is actually degraded for a particular site, then these reaction modules will under predict the
rate of mass loss, resulting in a longer transport distance and a longer remediation timeframe
(depending on the extent of contaminant partitioning to the soil). Modifications to these reaction
modules could be completed to provide a user-defined reaction module that explicitly tracks
sorbed-phase contaminants and allows the sorbed phase contaminants to be degraded. Note that
this assumption of reaction only for dissolved phase contaminant mass does not imply anything
about the nature of the microbial population mediating the degradation (i.e., it does not imply
that only aqueous phase microbes act on contaminants while attached microbes do nothing).
However, the two Enhanced Attenuation reaction modules explicitly track microbial biomass as
attached (immobile) constituents, ignoring the effects of any free-living (suspended) bacteria.
While not included in these reaction modules, the impact of attached versus free-living bacteria
is an area of ongoing research [e.g., Harvey and Barber, 1992; Holm et al., 1992; Doong et al.,
1997; Lehman et al., 2001; Yolcubal et al., 2002; Painter et al., 2005] that could be explored
through a user-defined reaction module.

For internal program consistency, the reaction parameters for these MNA/EA reaction modules
must be specified in a model configuration as being either all spatially constant or all spatially
variable. To implement spatial variability, reaction parameters are allowed to vary within the
full 3D reactive transport model domain on a grid cell by grid cell basis.
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These RT3D MNA/EA reaction modules provide a framework for modelling the reaction
kinetics at a particular site. Site-specific knowledge from field data and/or laboratory tests
should be applied to determine an appropriate model configuration for reaction parameter values.
In the absence of site-specific information, generic data or ranges of values from the open
literature may be acceptable, but the potential impact of such non-site-specific data on the model
output should be discussed.

1.3 Discussion of Select Reaction Parameters

Stoichiometric dechlorination yields and reaction rate constants are reaction parameters that are
used throughout the MNA/EA reaction modules. Other reaction parameters (such as Monod half
saturation constants, inhibition constants, etc.) are more specific to the kinetic formulations of
particular reaction modules. The document sections for individual reaction modules include
information on all reaction parameters required for that reaction module, but the more common
kinds of reaction parameters are described here to give a general sense of the purpose of the
parameters.

Stoichiometric dechlorination yields are used in the reaction kinetics to represent the mole
fraction of a product (daughter species) produced for every mole of reactant (parent) species
transformed by a specific process (i.e., anaerobic dechlorination or abiotic degradation).
Stoichiometric yields are constrained to sum up to 1.0 for reaction of a given parent species by a
particular type of process. Note however, that some stoichiometric yield values may not be
included as a user-specified reaction parameter because the daughter species (e.g., CO,) is not
explicitly tracked. While all pathways in Figure 2 are possible, some may not occur at a
particular site, in which case the stoichiometric dechlorination yield is assigned a value of zero
for the inactive pathway. Truex et al. [2002a] provide an example (in a user-defined reaction
module) where reductive dechlorination pathways for 1,1,2,2-TeCA and 1,1,2-TCA were not
included because those pathways were not observed in microcosm tests with site sediment and
groundwater. In cases where there is only one reaction pathway (e.g., reductive dechlorination
of PCE to TCE), the stoichiometric dechlorination yield is fixed internal to the reaction module
at a value of 1.0 (i.e., the value cannot be altered by the user in the model configuration).

As an example of stoichiometric dechlorination yields, consider dechlorination of 1,1,2-TCA,
which may be dechlorinated by both anaerobic and abiotic processes. Table 4 shows the
calculated stoichiometric dechlorination yields for a scenario in which a total of 1.5 moles of
1,1,2-TCA are transformed to daughter products in the stated amounts (columns 1 and 2). This
type of data (used to determine the stoichiometric dechlorination yield) is typically collected
from site-specific microcosms or from literature data. For a microcosm test, the stoichiometric
dechlorination yields would be determined along with the site-specific reaction rates by adjusting
parameters to fit microcosm data from multiple experiments (i.e., differing conditions, not just
replicates).
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Table 4. Example of Stoichiometric Dechlorination Yield Resulting From
Transformation of 1.5 Moles of 1,1,2-TCA

Daughter Moles Reaction Calculated. Sto.l chlol.netrlc
. . b Dechlorination Yield Comments
Species Produced Type
(mol/mol) N
cis-DCE 0.36 abiotic (AE) Fab pey  =0.6
Sum of Yields
trans-DCE 0.24 abiotic (AE) Fab p;, =04 e:uals 100%
1,1—DCE 0.0 abiotic (AE) Fab ”D”%lzrm =0.0 j
1,2-DCA 0.18 anaerobic (RD) Fan,pe, =02 f Sum of Yields
V)
Ve 0.72 | anaerobic (DC) Fan,, =08 equals 100%

Total Moles: 1.5

* These are purely arbitrary numbers for use in this example.
® See Table 3 for a list of reaction types and abbreviations.

As with the stoichiometric dechlorination yields, the reaction rates are generally site specific,
although abiotic reaction rates may tend to be more consistent from site to site. Abiotic reaction
rates are primarily dependent on the temperature and pH of the groundwater, while biotic
reaction rates are a function of the microbial population and geochemical setting. Many of the
reactions in these reaction modules assume that the biological (and abiotic) dechlorination rates
can be modeled as first-order processes, implying that the biomass concentration stays constant
and electron donor concentration is low (both reasonable assumptions for a MNA site). See the
section on the Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination reaction
module for further discussion of first-order reaction kinetics.

Dechlorination rates for reactant species are determined from the overall rate at which the
compound is decaying under defined conditions, coupled with the amounts of product species
that are produced. Field data may be used to determine reaction rates, depending on the history
of site activities and how well the subsurface is understood in terms of groundwater flow,
dispersion, and adsorption. Laboratory microcosm data from multiple experiments with
differing initial conditions can be used to fit the reaction rate parameters and the stoichiometric
dechlorination yields. Laboratory microcosm experiments with site sediment and groundwater
are useful to examine the reaction kinetics without the convoluting influences of contaminant
transport processes (e.g., advection and dispersion). Typically the resultant set of reaction rate
parameter values from this calibration against microcosm data will be higher than the rates seen
in the field because of differences in the soil/water ratio, temperature, and the
disturbed/undisturbed nature of the sediment. However, it may be reasonable to assume that the
relative rates of different reaction processes (e.g., the rate of CT transformation relative to the
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rate of CF transformation) consistent between the laboratory and the field. It is then necessary as
part of the calibration process for the full three-dimensional reactive transport model to estimate
if and what magnitude of a correction factor between the laboratory-derived rates and the rates in
the field is required.

Several reaction modules use Monod half saturation constants (e.g., Ks) and/or inhibition
coefficients (e.g., kijs) in the functional forms shown in Equations 1 and 2 for Monod and
inhibition terms, respectively. The constants represent the point in a hyperbolic curve where the
ordinate has a value of 0.5. Figure 3 shows example curves (with arbitrary data) for a Monod
term and an inhibition term, both with constants of 5.0. These terms are used as multipliers on
the kinetic equations regarding bacterial growth rate or dechlorination rate. The Monod term is
typically used to account for nutrient limitations — as the concentration of a nutrient decreases,
the rate of reaction will decrease. Conversely, the inhibition term restricts the rate of reaction as
the concentration of an inhibiting species increases. Lu et al. [1999] provide an example usage
of these types of terms for modelling BTEX biodegradation.

Monod Term = M (1)
K, + [Species]
O kg
Inhibition Term = ————— (2)

k., +[Species]

- —
3 —/— Monod
E =—0=— Inhibition
2
s
=
Ol:t\w\\\\\\\\\\\\\\\\\u\\\\\\\\\\\\\\\\\\ﬁ
0 flo 20 30 40 50 60 70 80 90 100
K
Concentration (ML)

Figure 3. Arbitrary Examples of the Curves Obtained for Monod and Inhibition Terms —
These terms are typically used as multipliers on the reaction rate to account for
nutrient limitations and inhibition effects, respectively.
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Reaction parameters may be defined as spatially constant or spatially variable, depending on site
conditions and the available information. For instance, if multiple geochemical settings (as
discussed in Johnson et al. [2006]) are identified within the model domain, the parameters in one
area can be set to different values than for another area. Reaction parameter values can vary
spatially because of differences in geochemistry (e.g., concentrations/types of electron acceptors,
anaerobic/anoxic/aerobic setting), temperature, substrate availability, and microbial population
(in terms of both numbers of bacteria and types of bacteria). Field-scale geochemical data can be
used to assign spatially variable reaction rates to account for variations in biological activity
resulting from differences in, for example, substrate or electron acceptor concentrations.
Alternately, laboratory microcosm data from different areas of a site may suggest different
reaction rates/processes.

Where a reaction pathway is inappropriate for a given spatial location, the dechlorination rate
and/or the stoichiometric dechlorination yield for that pathway can be set to zero. Alternately, a
specific location may exhibit the reaction pathway, but at a slower rate than another location.
Figure 4 shows an example of a reactive transport model having four different reaction zones. In
this example, the "Anaerobic Zone-1" has a high anaerobic dechlorination rate and no aerobic
reactions occur, "Anaerobic Zone-2" has a lower anaerobic dechlorination rate and no aerobic
reactions occur, the "Transition Zone" has a low rates for both anaerobic and aerobic processes,
and in the "Aerobic Zone" there is a high rate of aerobic dechlorination and zero anaerobic
dechlorination. See Clement et al. [2000] and Johnson et al. [2003a] for examples of applying
this zonal approach to specifying reaction parameter values for reactive transport models of
actual field sites.

% ¥ o A
«»..,;2 Anaeroblc Z.one- 2 hat h\“‘ p
O | ‘? Transition +\)
‘ﬂfmwuw mef* Zone

"v«v».r.-\.w.rf R e

+
+

Figured. Example of a Reactive Transport Model Having Multiple Reaction Zones, Each with
Differing Reaction Parameter Values — Figure adapted from Clement et al. [2000)].
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1.4 Important Considerations for Using the RT3D MNA/EA Reaction
Modules

The RT3D MNA/EA reaction modules described in this document were developed to provide
ready access to more complex reaction scenarios that may be of interest for monitored natural
attenuation or enhanced attenuation modelling evaluations. Each of these reaction modules has a
clearly stated set of kinetic expressions and associated reaction parameters that incorporate
certain assumptions and define one specific approach to representing the stated scenario. In
some ways, these reaction modules were designed to provide flexibility in modelling potential
complex reaction kinetics. For example, the Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes reaction module includes many reaction pathways, but some number of those
pathways may not be needed for a particular site while they are at yet another site. In other
ways, the reaction modules represent specific conceptual models, such as the assumption of first-
order kinetics (e.g., Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination) or the
linkage of dechlorination rates to the rate of methanogenesis (Substrate-Linked Reductive
Dechlorination of Chloroethenes). The user should read this document and fully understand the
scope of a given reaction module, including the assumptions and limitations corresponding to the
conceptual model/approach. The approach taken here for a given reaction module is only one
way of addressing a reaction scenario and may or may not be appropriate for any specific site. /¢
is incumbent on the practitioner to assess the suitability of any RT3D reaction module for a
particular application. Additionally, testing and validation of the reaction modules is not
included in this report and is the responsibility of the module user.

The descriptions of the MNA/EA reaction modules are written to explain the kinetic expressions
that are used in the modules and are in no way intended to imply or assert that these approaches
are the "right" or "best" way to represent the reaction kinetics. However, the authors propose
that these reaction modules may be useful for MNA/EA at some sites. Indeed, the authors have
successfully used prototypes of several of these reaction modules at field sites. A prototype of
the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes reaction module was used to
evaluate MNA for a multicomponent dissolved-phase contaminant plume at a National Priorities
List site in Louisiana [Truex et al., 2002; Spencer et al., 2002]. Design of an anaerobic
accelerated in situ bioremediation system at a U.S. Navy facility in California [Johnson et al.,
1999; Leigh et al., 2000] was completed with a prototype of the Substrate-Linked Reductive
Dechlorination of Chloroethenes reaction module. The rate of vinyl chloride degradation by
anaerobic processes at this U.S. Navy facility was determined to be too slow for the site
objectives, thus a prototype of the Cometabolic Aerobic Dechlorination of Chloroethenes
reaction module was used to design an aerobic accelerated in situ bioremediation system [Truex
et al., 2002b; Johnson et al., 2003b] for sequential anaerobic/aerobic treatment of the site.

In addition to prototype kinetic formulations, the basis of the MNA/EA reaction modules also

included literature information and simplified conceptual models to describe the impact of
complex processes such as geochemistry on dechlorination. The five RT3D MNA/EA reaction
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modules using first-order reaction kinetic expressions to model dechlorination were configured
based on a review of literature to define potential dechlorination reaction mechanisms [Johnson
et al., 2006]. The literature review was not intended to be exhaustive, but provides examples of
laboratory information that is available to describe the reaction pathways. In the Redox-Linked
Dechlorination of Chloroethenes reaction module, the rate of dechlorination is adjusted based on
a simplified framework to represent the oxidation-reduction conditions in the aquifer. This
module enables the user to link dechlorination rate to the concentration of geochemical indicator
species. The module is not a full geochemical model, but provides one potential means for the
user to model dechlorination at sites where the oxidation-reduction conditions in the aquifer are
spatially or temporally variable. While there are multiple ways to model substrate-linked
reductive dechlorination, the Substrate-Linked Reductive Dechlorination of Chloroethenes
reaction module specifically links the dechlorination rate to the activity of methanogenic
bacteria, similar to Skeen et al. [1995]. The activity of methanogenic bacteria in this reaction
module is dependent on the availability of acetate and hydrogen produced from the fermentation
of lactate and propionate by other bacteria. The Cometabolic Aerobic Dechlorination of
Chloroethenes reaction module uses kinetic expressions from the scientific literature [e.g.,
Semprini et al., 1991; Alvarez-Cohen and McCarty, 1991; Chang and Alvarez-Cohen, 1996] that
describe the cometabolic degradation process with inhibition by methane and with the toxicity
effect of the intermediate degradation product on the methanotrophic bacteria.

Example results representing reaction in a batch reactor are provided in this document for all of
the MNA/EA reaction modules. These examples demonstrate that the expected behavior is
observed under selected conditions. However, it was beyond the scope of the development effort
to rigorously test these MNA/EA reaction modules and benchmark them against other numerical
codes, analytical solutions, or existing field data. This exercise is left to the practitioner as part
of the assessment whether these reaction modules are appropriate for a particular site. The
authors intend that future efforts will address these testing and validation issues.

If the conceptual model and/or kinetic expressions of an RT3D reaction module are deemed
insufficient or unsuitable for application at a given site, then the user has the option of writing a
user-defined reaction module to provide the desired configuration of the kinetic expressions.
The user may find that an existing reaction module can serve as a convenient starting point for
making modifications. For example, additional reaction mechanisms/pathways that are not
currently included in the Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination
reaction module may be identified in the future as valid degradation routes, and the Mixed
Chloroethene/Chloroethane/Chloromethane  Dechlorination reaction module could be
supplemented with the new pathway(s) to form a user-defined reaction module. The RT3D
manual [Clement, 1997] and version 2.5 update document [Clement and Johnson, 2002] provide
information on assembling a user-defined reaction module. Alternately, the authors can be
contacted for assistance in developing a new reaction module.
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2.0 Mixed Chloroethene/Chloroethane/Chloromethane
Dechlorination

2.1 Conceptual Model for Dechlorination Reactions

This reaction module describes dechlorination of chloroethanes, chloroethenes, chloromethanes,
and related daughter products using first-order rate expressions. The module includes abiotic,
aerobic, and anoxic/anaerobic reaction pathways, which the user may selectively turn off by
setting the (spatially variable) values of the stoichiometric yields and/or the reaction rate
constants to zero. See the section on RT3D MNA/EA Reaction Module Commonalities and the
Discussion of Select Reaction Parameters for additional information on features common to all
of these MNA/EA reaction modules and explanation of key reaction parameters.

Table 5 lists the chemical species included in this reaction module. Figure 5 shows the
conceptual model describing the potential biotic and abiotic degradation pathways of both
chlorinated ethene and chlorinated ethane contaminants.

The reaction pathways included in this reaction module are based on a review of literature on
dechlorination reaction mechanisms for the chlorinated solvents of interest [Johnson et al.,
2006]. The literature review was not intended to be exhaustive, but provides examples of
laboratory information that is available to describe the reaction pathways. For convenience, a
select set of references that discuss abiotic and biotic reaction pathways for chlorinated solvents
are noted in this document [Mabey and Mill, 1978; Vogel et al., 1987; Jeffers et al., 1989;
Washington, 1995; Chen et al., 1996; Jeffers et al., 1996; Jeffers and Wolfe, 1996; Lorah and
Olsen, 1999; Truex et al., 2001; De Wildeman and Verstraete, 2003; Lorah and Voytek, 2004;
Hunkeler et al., 2005]. To make this reaction module more flexible and general, several
pathways that were not directly supported by laboratory data in the open literature are included
(Table 6). The reaction network does not include heterogeneous abiotic reactions or abiotic
reactions with half-lives of more than 200 years. Because this reaction module targets MNA
conditions, non-contaminant substrate concentrations are assumed to be low enough that
cometabolism pathways (aerobic or anaerobic) should not be included. If reaction
mechanisms/pathways that are not currently included in this reaction module are identified as
valid or important degradation routes, then such pathways could be included in a user-defined
reaction module based on the Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination
reaction module.

17



Table 5. Chemical Species Included in the Mixed Chloroethene/Chloroethane/Chloromethane
Dechlorination Reaction Module

CAS® Molecular Chemical
No. | Abbreviation® Chemical Name Selected Alternate Name | Registry | Weight©
Formula
Number (g/mol)
1 |[1122TeCA 1,1,2,2-Tetrachloroethane |1,1,2,2-TeCA 79-34-5 | 167.84928 | C,H,Cl,
2 |112TCA 1,1,2-Trichloroethane | * /1 Trichloride; 79-00-5 | 133.40422 | C,H;Cly
1,1,2-TCA
3 |12DCA 1,2-Dichloroethane Ethane Dichloride; 107-06-2 | 98.95916 | C,H,Cl,
1,2-DCA
4 |CA Chloroethane Ethyl Chloride 75-00-3 64.5141 C,H;Cl
5 |1112TeCA 1,1,1,2-Tetrachloroethane |1,1,1,2-TeCA 630-20-6 | 167.84928 | C,H,Cl,
6 |111TCA 1,1,1-Trichloroethane 1,1,1-TCA 71-55-6 | 133.40422 | C,H;Cl,
7 |11DCA 1,1-Dichloroethane 1,1-DCA 75-34-3 98.95916 | C,H,Cl,
8 |PCE Tetrachloroethene Tetrachlorocthylene; 127-18-4 | 165.8334 | C,Cl,
Perchloroethylene
9 |TCE Trichloroethene Trichloroethylene 79-01-6 | 131.38834 | C,HCl,
. . cis-1,2-Dichloroethylene;
10 {cDCE cis-1,2-Dichloroethene cis-1.2-DCE; cis-DCE 156-59-2 | 96.94328 C,H,Cl,
. trans-1,2-Dichloroethylene;
11 |tDCE trans-1,2-Dichloroethene trans-1,2-DCE; trans-DCE 156-60-5 | 96.94328 | C,H,Cl,
1,1-Dichloroethylene;
12 [11DCE 1,1-Dichloroethene Vinylidene Chloride; 75-35-4 96.94328 C,H,Cl,
1,1-DCE
13 |ve Chloroethene Vinyl Chloride; 75-01-4 | 62.49822 | C,HiCl
Chloroethylene
14 |CT Tetrachloromethane Carbon Tetrachloride 56-23-5 | 153.82270 CCl,
15 |CF Trichloromethane Chloroform 67-66-3 | 119.37764 CHCl;
) Methylene Dichloride,
16 |DCM Dichloromethane Methylene Chloride 75-09-2 84.93258 CH,Cl,
17 |CM Chloromethane Methyl Chloride 74-87-3 50.48752 CH;Cl
18 |Tracer Conservative Tracer — N/A N/A N/A

? These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals
that may use the same abbreviation in other reaction modules.

® CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)

¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].
N/A — Not Applicable
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Figure5. Conceptual Model for Dechlorination Reactions in the Mixed Chloroethene/
Chloroethane/Chloromethane Dechlorination Reaction Module — Species in
hexagonal shaded boxes are innocuous products and are not tracked in the reaction
module. The reaction types for each pathway are described in Table 3.

Table 6. Reaction Pathways Without Laboratory Data in the Open Literature, but Which Are
Included in the RT3D MNA/EA First-Order Reaction Modules
Reaction Pathway Reaction Comments
Process
LILDCE - CO, ANDM Potential pathway because ANDM occurs for cis/trans-1,2-
DCE.
CA - CO, ADM Probable, but not documented pathway based on ADM of VC.
CA - CO, ANDM E/r((:)bable, but not documented pathway based on ANDM of
This pathway is listed as a presumptive degradation route in the
1,1,122-TeCA - 1,1,1-TCA RD literature review figures [Johnson et al., 2006] despite the lack
of laboratory data in the open literature.
This pathway is listed as a presumptive degradation route in the
CM -+ CH, RD literature review figures [Johnson et al., 2006] despite the lack
of laboratory data in the open literature.
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The kinetic relations for the reactions in this reaction module were developed by assuming that
the dechlorination kinetics can be approximated as first-order reactions. Some previous studies
have shown that first-order kinetics can be reasonable for modeling dechlorination mechanisms
at field scales [e.g., U.S. EPA, 1998; Clement et al., 2000] and at low concentrations [Schmidt et
al., 1985]. Yet other studies [e.g., Scow et al., 1986] have determined that first-order kinetics
were not appropriate. A number of factors (substrate concentration, microbial population
density, etc.) can impact the type of model (first-order, Monod, logistic, etc.) that best represents
biodegradation of a chemical [Simkins and Alexander, 1984; Alexander, 1985; Schmidt et al.,
1985]. The first-order assumption should be assessed [e.g., Bekins et al., 1998] as part of the
determination of whether the reaction module is suitable for the intended application.

First-order kinetics express the biodegradation rates as being primarily a function of the
concentration of the contaminant. Implicit to the assumption of first-order kinetics is that the
microbial population is nongrowing, i.e., the substrate concentration is much less than the
Monod half saturation constant. First-order kinetics do not have an explicit dependence on the
type or concentration of electron donor, the type or quantity of bacteria present, nutrient
limitations, or the geochemical conditions. All of these factors should be evaluated prior to
selecting a first-order model to represent biodegradation. Additionally, this reaction module
does not include a provision for inhibition by the contaminants; the contaminants are assumed to
be present at less than inhibitory concentrations.

If a biostimulation or bioaugmentation technique is used at a site (increasing the quantity of
subsurface bacteria) then the assumptions associated with first-order kinetics may not be valid
and the user should apply something along the lines of one of the EA reaction modules.

2.2 Reaction Equations

The set of ODEs comprising this reaction module are shown in Equations 3 to 20. These ODEs
describe the reaction kinetics for the 18 chemical species in Table 5. See Table 7 for a detailed
itemization of all reaction parameters used in this reaction module.

dC,

1122TeCd _ ] B )

di _( —kan, 5y roca " Crinareca kab, 574 C1122TeCA) (3)
dC

11127eCA _

dr =\ —kanypcs Crinnrecs = kabyyonecq * Chinareca (4)
dC,

1127C4 _

d Y rea Fan jpcq ckan ores  Crimpeea = kanynpes - Crivres = kabyapey + Chinre (5)

11227eCA 11227eCA
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Jc Ypen - kangp - Cop

DCM 2

“rpem _ 1
0l (18)
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The first-order decay rate constants [T™'] of the i species are represented in the equations above
by the kan;, kae;, and kab; terms for anaerobic biological reactions, aerobic biological reactions,
or abiotic reactions, respectively. The concentration of the i species is represented by the C;
term [ML>]. The R; terms represent the retardation factor for the i species [unitless].

In cases where multiple daughter products may be produced from dechlorination of a single
parent species, the amount of each daughter species that is produced is a function of a mass yield
[MM™'] and a stoichiometric dechlorination yield [mol/mol]. The mass yield value, Yy,
accounts for the difference in molecular weight between the parent species "p" and the daughter
species "d." All isomers of a daughter chemical have the same mass yield. Mass yield values
are included in the reaction module code and do not need to be input by the user. The
stoichiometric dechlorination yield represents the site-specific stoichiometry for each reaction
pathway that occurs as either an anaerobic (Fang,) or an abiotic process (Fabgp). The
stoichiometric dechlorination yield is the fractional moles of daughter species that are produced
by dechlorination of one mole of the parent species. The net yield is the product of the mass
yield and the stoichiometric dechlorination yield. To preserve the mass balance, the values of
the stoichiometric dechlorination yields are constrained by the relations in Equations 21 to 31.

Fan 7o, + Fan ., + Fan ,, =10 (21)
11227eCA 1122TeCA 1122TeCA

Fan \\yrcy + Fan pe; =10

1112TeCA 11127eCA (22)
Fan,p., + Fan ,. =1.0 (23)
1127CA 11271CA
Fan . + Fan,., + Fan, - =1.0 (24)

TCE TCE TCE
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Fab o, + Fab o, + Fab, o =1.0 (25)
112TCA 112TCA 112TCA

Fab, pe; <1.0 (26)
1117TCA

Fan ., <1.0 27
12DCA

Fan ,. <1.0 (28)
cDCE

Fan ,. <1.0 (29)
IDCE

Fan ,. <1.0 (30)
11DCE

Fan ., <1.0 1)

DCM

2.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D
manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 53 reaction
parameters that must be specified for this reaction module are listed in Table 7 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).

Table 7. Input Parameters for the Mixed Chloroethene/Chloroethane/Chloromethane
Dechlorination Reaction Module

ID Fortran
Parameter Units Description
# Variable P
1 Fab eDCE fab cdee tca? mol/mol Moles of cis-1,2-DCE produced from abiotic decay of one
1127CA4 - - mole of 1,1,2-TCA
Moles of trans-1,2-DCE fr ioti f
) Fab DCE fab tdee tca? mol/mol oles of trans-1,2-DCE produced from abiotic decay of one
1127CA - - mole of 1,1,2-TCA
3 F ab11 DCE fab 11dce tea2 mol/mol Moles of 1,1-DCE produced from abiotic decay of one mole
1127C4 - - of 1,1,2-TCA
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Table 7. (contd)

ID Fortran
Parameter . Unit ipti
4 Variable nits Description
4 Fab 11DCE fab 11dce teal mol/mol Moles of 1,1-DCE produced from abiotic decay of one mole
1117CA - - of 1,1,1-TCA
5 Fan 112TCA fan tea? teca? mol/mol Moles of 1,1,2-TCA produced from anaerobic decay of one
1122TeCA - - mole of 1,1,2,2-TeCA
6 Fan DCE fan cdee tecad mol/mol Moles of cis-1,2-DCE produced from anaerobic decay of one
1122TeCA - - mole of 1,1,2,2-TeCA
7 Fan DCE fan tdce teca2 mol/mol Moles of trans-1,2-DCE produced from anaerobic decay of
1122TeCA - - one mole of 1,1,2,2-TeCA
8 Fan \2pCA fan dea2 tca2 mol/mol Moles of 1,2-DCA produced from anaerobic decay of one
1127CA4 - - mole of 1,1,2-TCA
9 Fan . fan ve tca2 mol/mol Moles of VC produced from anaerobic decay of one mole of
1127CA - = 1,1,2-TCA
10 Fan ., fan ca dead mol/mol Moles of CA produced from anaerobic decay of one mole of
12DCA - = 1,2-DCA
11 Fan 1174 fan teal tecal mol/mol Moles of 1,1,1-TCA produced from anaerobic decay of one
11127eCA - - mole of 1,1,1,2-TeCA
12 Fan 11DCE fan 11dce tecal | mol/mol Moles of 1,1-DCE produced from anaerobic decay of one
11127eCA - - mole of 1,1,1,2-TeCA
13 F an .peg fan cdee tee mol/mol Moles of cis-1,2-DCE produced from anaerobic decay of one
TCE - - mole of TCE
14 Fan \DCE fan tdee tce mol/mol Moles of trans-1,2-DCE produced from anaerobic decay of
TCE - - one mole of TCE
15 F an || pcg fan 11dce tee mol/mol Moles of 1,1-DCE produced from anaerobic decay of one
TCE - - mole of TCE
16 Fan . fan ve cdce mol/mol Moles. of VC produced from anaerobic decay of one mole of
¢DCE - - cis-1,2-DCE
17 Fan e fan ve tdee mol/mol Moles of VC produced from anaerobic decay of one mole of
tDCE - - trans-1,2-DCE
18 Fan Ve fan ve 11dee mol/mol Moles of VC produced from anaerobic decay of one mole of
11DCE - = 1,1-DCE
19 Fan r fan cm dem mol/mol Moles of CM produced from anaerobic decay of one mole of
DCM - = DCM
20 kabyiomees | kab_teca2 1/day First-order decay coefficient for abiotic dechlorination of

1,1,2,2-TeCA
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Table 7. (contd)

ID Fortran
Parameter . Units Description
# Variable P
1 kb, 12me, kab tca2 1/day First-order decay coefficient for abiotic dechlorination of
- 1,1,2-TCA
2 kab o, kab dca?2 1/day First-order decay coefficient for abiotic dechlorination of 1,2-
- DCA
23 kab,, kab ca 1/day | First-order decay coefficient for abiotic dechlorination of CA
First-order decay coefficient for abiotic dechlorination of
24 kabjiiarecs | kab_tecal 1/day 1.1,12-Te g A
25 kb1, Kkab tcal 1/day First-order decay coefficient for abiotic dechlorination of
- 1,1,1-TCA
26 kab;ime, kab deal 1/day First-order decay coefficient for abiotic dechlorination of 1,1-
- DCA
27 kab., kab ct 1/day | First-order decay coefficient for abiotic dechlorination of CT
28 kab,, kab cm 1/day | First-order decay coefficient for abiotic dechlorination of CM
First-order decay coefficient for anaerobic dechlorination of
29 | kanjiprecs | kan teca2 1/day 1.10.2-Te Cy A
30 kan o, Kkan tca2 1/day First-order decay coefficient for anaerobic dechlorination of
- 1,1,2-TCA
3] kan o, kan dca2 1/day First-order decay coefficient for anaerobic dechlorination of
- 1,2-DCA
3 kan., kan ca 1/day Flrsté);der decay coefficient for anaerobic dechlorination of
First-order decay coefficient for anaerobic dechlorination of
33 kanjiorecs | kan_tecal 1/day 1,1,1,2-TegA
34 kaniime, Kkan tcal 1/day First-order decay coefficient for anaerobic dechlorination of
- 1,1,1-TCA
35 kanime, kan deal 1/day First-order decay coefficient for anaerobic dechlorination of
- 1,1-DCA
36 ke kan_pee 1/day First-order decay coefficient for anaerobic dechlorination of
PCE
37 ke kan tce 1/day First-order decay coefficient for anaerobic dechlorination of
- TCE
First-order decay coefficient for anaerobic dechlorination of
38 kan pcx kan cdce 1/day cis-1.2-DCE
First-order decay coefficient for anaerobic dechlorination of
39 kanpex kan tdce 1/day trans-1,2-DCE
40 kanimes kan 11dce 1/day First-order decay coefficient for anaerobic dechlorination of
- 1,1-DCE
41 kan,. kan_ve 1/day First-order decay coefficient for anaerobic dechlorination of

VC
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Table 7. (contd)

ID Fortran
Parameter Units Description
# Variable P
4 kan,, kan_ct 1/day F irsté);der decay coefficient for anaerobic dechlorination of
3 kan., kan cf 1/day Flrsté);der decay coefficient for anaerobic dechlorination of
44 kanye, kan dem 1/day First-order decay coefficient for anaerobic dechlorination of
- DCM
45 kan., kan cm 1/day First-order decay coefficient for anaerobic dechlorination of
- CM
46 kae e, kae_dca2 1/day First-order decay coefficient for aerobic dechlorination of
DCA
47 kae., kae ca 1/day | First-order decay coefficient for acrobic dechlorination of CA
First-order decay coefficient for aerobic dechlorination of
48 kae.pcx kae cdce 1/day ¢is-1.2-DCE
First-order decay coefficient for aerobic dechlorination of
49 kae,pcr kae tdce 1/day rans-1,2-DCE
50 kae, o kae 11dce 1/day First-order decay coefficient for aerobic dechlorination of
- 1,1-DCE
51 kae,. kae vc 1/day | First-order decay coefficient for acrobic dechlorination of VC
5> kaeye, kae dem 1/day First-order decay coefficient for aerobic dechlorination of
- DCM
53 kae, kae cm 1/day First-order decay coefficient for aerobic dechlorination of

2.4 Example Simulations

CM

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Tables 8 through 11. These
parameters are arbitrary values and are not directly related to any specific laboratory data. Site-
specific values would need to be determined as part of a calibration process. Results for these
example batch simulations are shown in Figures 6 through 9, respectively.
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Table 8. Parameter Values for Example Simulation 1 — Anaerobic Conditions — with the Mixed
Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab _cdce tca2 0.2 mol/mol 28 |kab cm 0.000094 1/day
2 fab_tdce tca2 0.7 mol/mol 29 | kan teca2 0.005 1/day
3 fab 1ldce tca2 0.1 mol/mol 30 | kan_ tca2 0.01 1/day
4 fab 11dce tcal 0.2 mol/mol 31 | kan dca2 0.025 1/day
5 fan tca2 teca2 0.2 mol/mol 32 |[kan ca 0.025 1/day
6 fan_cdce teca2 0.15 mol/mol 33 | kan_tecal 0.005 1/day
7 fan_tdce teca2 0.05 mol/mol 34 | kan tcal 0.01 1/day
8 fan_dca2 tca2 0.2 mol/mol 35 | kan dcal 0.025 1/day
9 fan_vc_tca2 0.8 mol/mol 36 | kan pce 0.025 1/day
10 | fan ca dca2 0.2 mol/mol 37 |kan_tce 0.025 1/day
11 | fan tcal tecal 0.2 mol/mol 38 | kan cdce 0.025 1/day
12 | fan_1ldce tecal 0.8 mol/mol 39 | kan_tdce 0.025 1/day
13 | fan_cdce tce 0.8 mol/mol 40 |kan 1ldce 0.025 1/day
14 | fan tdce tce 0.2 mol/mol 41 |kan vc 0.0025 1/day
15 | fan lldce tce 0 mol/mol 42 | kan ct 0.005 1/day
16 | fan vc cdce 0.8 mol/mol 43 | kan cf 0.0005 1/day
17 | fan_vc tdce 0.8 mol/mol 44 | kan dcm 0.005 1/day
18 | fan vc 1ldce 0.8 mol/mol 45 |[kan _cm 0.005 1/day
19 | fan_cm dem 0.5 mol/mol 46 | kae dca2 0 1/day
20 | kab teca2 0.006 1/day 47 | kae ca 0 1/day
21 | kab_tca2 0.0015 1/day 48 | kae cdce 0 1/day
22 | kab_dca2 0.00003 1/day 49 | kae tdce 0 1/day
23 | kab ca 0.001 1/day 50 | kae 1ldce 0 1/day
24 | kab tecal 0.006 1/day 51 |kae vc 0 1/day
25 | kab tcal 0.001 1/day 52 | kae decm 0 1/day
26 | kab dcal 0.00005 1/day 53 | kae cm 0 1/day
27 |kab ct 0.000047 1/day
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Table 9. Parameter Values for Example Simulation 2 — Aerobic Conditions — with the Mixed
Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab _cdce tca2 0.2 mol/mol 28 |kab cm 0.000094 1/day
2 fab_tdce tca2 0.8 mol/mol 29 | kan teca2 0 1/day
3 fab 1ldce tca2 0.1 mol/mol 30 | kan_ tca2 0 1/day
4 fab 11dce tcal 0.2 mol/mol 31 | kan dca2 0 1/day
5 fan tca2 teca2 0 mol/mol 32 |[kan ca 0 1/day
6 fan_cdce teca2 0 mol/mol 33 | kan_tecal 0 1/day
7 fan_tdce teca2 0 mol/mol 34 | kan tcal 0 1/day
8 fan_dca2 tca2 0 mol/mol 35 | kan dcal 0 1/day
9 fan_vc_tca2 0 mol/mol 36 | kan pce 0 1/day
10 | fan ca dca2 0 mol/mol 37 |kan tce 0 1/day
11 | fan tcal tecal 0 mol/mol 38 | kan cdce 0 1/day
12 | fan_1ldce tecal 0 mol/mol 39 | kan_tdce 0 1/day
13 | fan_cdce tce 0 mol/mol 40 |kan 1ldce 0 1/day
14 | fan tdce tce 0 mol/mol 41 |kan vc 0 1/day
15 | fan lldce tce 0 mol/mol 42 | kan ct 0 1/day
16 | fan vc cdce 0 mol/mol 43 | kan cf 0 1/day
17 | fan_vc tdce 0 mol/mol 44 | kan dcm 0 1/day
18 | fan vc 1ldce 0 mol/mol 45 |[kan _cm 0 1/day
19 | fan_cm dem 0 mol/mol 46 | kae dca2 0.005 1/day
20 | kab teca2 0.006 1/day 47 |kae ca 0.005 1/day
21 | kab_tca2 0.0015 1/day 48 | kae cdce 0.005 1/day
22 | kab_dca2 0.00003 1/day 49 | kae tdce 0.005 1/day
23 | kab ca 0.001 1/day 50 | kae 1ldce 0.005 1/day
24 | kab_tecal 0.006 1/day 51 | kae vc 0.005 1/day
25 |kab tcal 0.001 1/day 52 | kae decm 0.005 1/day
26 | kab dcal 0.00005 1/day 53 | kae cm 0.005 1/day
27 |kab ct 0.000047 1/day
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Table 10. Parameter Values For Example Simulation 3 — Anaerobic Case Equivalent to Table 20
— With The Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab _cdce tca2 0.2 mol/mol 28 |kab cm 0 1/day
2 fab_tdce tca2 0.8 mol/mol 29 | kan teca2 0.005 1/day
3 fab 1ldce tca2 0 mol/mol 30 | kan_ tca2 0.01 1/day
4 fab 11dce tcal 0 mol/mol 31 | kan dca2 0.025 1/day
5 fan tca2 teca2 0 mol/mol 32 |[kan ca 0.025 1/day
6 fan_cdce teca2 0.2 mol/mol 33 | kan_tecal 0 1/day
7 fan_tdce teca2 0 mol/mol 34 | kan tcal 0 1/day
8 fan_dca2 tca2 0.2 mol/mol 35 | kan dcal 0 1/day
9 fan_vc_tca2 0.8 mol/mol 36 | kan pce 0.025 1/day
10 | fan ca dca2 0.2 mol/mol 37 |kan_tce 0.025 1/day
11 | fan tcal tecal 0 mol/mol 38 | kan cdce 0.025 1/day
12 | fan_1ldce tecal 0 mol/mol 39 | kan_tdce 0.025 1/day
13 | fan_cdce tce 0.8 mol/mol 40 |kan 1ldce 0.025 1/day
14 | fan tdce tce 0.2 mol/mol 41 |kan vc 0.0025 1/day
15 | fan lldce tce 0 mol/mol 42 | kan ct 0 1/day
16 | fan vc cdce 0.8 mol/mol 43 | kan cf 0 1/day
17 | fan_vc tdce 0.8 mol/mol 44 | kan dcm 0 1/day
18 | fan vc 1ldce 0.8 mol/mol 45 |[kan _cm 0 1/day
19 | fan_cm dem 0 mol/mol 46 | kae dca2 0 1/day
20 | kab teca2 0.006 1/day 47 | kae ca 0 1/day
21 | kab_tca2 0 1/day 48 | kae cdce 0 1/day
22 | kab_dca2 0.00003 1/day 49 | kae tdce 0 1/day
23 | kab ca 0.001 1/day 50 | kae 1ldce 0 1/day
24 | kab tecal 0 1/day 51 |kae vc 0 1/day
25 | kab tcal 0 1/day 52 | kae decm 0 1/day
26 | kab dcal 0 1/day 53 | kae cm 0 1/day
27 |kab_ct 0 1/day
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Table 11. Parameter Values for Example Simulation 4 — Aerobic Case Equivalent to Table 23 —
with the Mixed Chloroethene/Chloroethane/Chloromethane Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab _cdce tca2 0.2 mol/mol 28 |kab cm 0 1/day
2 fab_tdce tca2 0.8 mol/mol 29 | kan teca2 0 1/day
3 fab 1ldce tca2 0 mol/mol 30 | kan_ tca2 0 1/day
4 fab 11dce tcal 0 mol/mol 31 | kan dca2 0 1/day
5 fan tca2 teca2 0 mol/mol 32 |[kan ca 0 1/day
6 fan_cdce teca2 0 mol/mol 33 | kan_tecal 0 1/day
7 fan_tdce teca2 0 mol/mol 34 | kan tcal 0 1/day
8 fan_dca2 tca2 0 mol/mol 35 | kan dcal 0 1/day
9 fan_vc_tca2 0 mol/mol 36 | kan pce 0 1/day
10 | fan ca dca2 0 mol/mol 37 |kan tce 0 1/day
11 | fan tcal tecal 0 mol/mol 38 | kan cdce 0 1/day
12 | fan_1ldce tecal 0 mol/mol 39 | kan_tdce 0 1/day
13 | fan_cdce tce 0 mol/mol 40 |kan 1ldce 0 1/day
14 | fan tdce tce 0 mol/mol 41 |kan vc 0 1/day
15 | fan lldce tce 0 mol/mol 42 | kan ct 0 1/day
16 | fan vc cdce 0 mol/mol 43 | kan cf 0 1/day
17 | fan_vc tdce 0 mol/mol 44 | kan dcm 0 1/day
18 | fan vc 1ldce 0 mol/mol 45 |[kan _cm 0 1/day
19 | fan_cm dem 0 mol/mol 46 | kae dca2 0.005 1/day
20 | kab teca2 0.006 1/day 47 |kae ca 0.005 1/day
21 | kab_tca2 0 1/day 48 | kae cdce 0.005 1/day
22 | kab_dca2 0.00003 1/day 49 | kae tdce 0.005 1/day
23 | kab ca 0.001 1/day 50 | kae 1ldce 0.005 1/day
24 | kab tecal 0 1/day 51 |kae vc 0.005 1/day
25 | kab tcal 0 1/day 52 | kae decm 0.005 1/day
26 | kab dcal 0 1/day 53 | kae cm 0.005 1/day
27 |kab_ct 0 1/day
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Figure6.

Dechlorination of Mixed Chlorinated Solvents under Anaerobic Conditions Using
the Parameter Values Shown in Table 8 — Initial concentrations were set to 1.0, 0.9,
0.95, and 0.8 mg/L for 1122TeCA, 1112TeCA, PCE, and CT, respectively. All other
Species concentrations started at zero.
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Figure7. Dechlorination of Mixed Chlorinated Solvents under Aerobic Conditions Using the
Parameter Values Shown in Table 9 — Initial concentrations were set to 1.0 mg/L
for 1122TeCA, 12DCA, and 11DCA. Initial concentrations were set to 0.9, 0.95,
0.8, 0.8, 0.6, 0.5, 0.4, 0.3, 0.85, 0.7, and 0.55 mg/L for 1112TeCA, PCE, CT, CA,
c¢DCE, tDCE, 1I1DCE, VC, CF, DCM, and CM, respectively. All other species

concentrations started at zero.
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Figure8. Dechlorination of Mixed Chlorinated Solvents Using the Parameter Values Shown in
Table 10 — The initial concentration of 1122TeCA was set to 1 mg/L. All other
species concentrations started at zero. These results are the same as produced by

the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes reaction module
(Figure 16).
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Figure9. Aerobic and Abiotic Degradation Using the Parameter Values Shown in Table 11 —
The initial concentrations for 1122TeCA, 12DCA, and PCE were 1.0 mg/L. The
initial concentrations were set to 0.8, 0.6, 0.5, 0.4, and 0.3 mg/L for CA, cDCE,
tDCE, 11DCE, and VC, respectively. These results are the same as produced by the
Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes reaction module

(Figure 19).
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3.0 Chloromethane Dechlorination

3.1 Conceptual Model for Dechlorination Reactions

This reaction module describes dechlorination of carbon tetrachloride (tetrachloromethane) and
related daughter products using first-order rate expressions. The module includes abiotic,
aerobic, and anoxic/anaerobic reaction pathways, which the user may selectively turn off by
setting the (spatially variable) values of the stoichiometric yields and/or the reaction rate
constants to zero. See the section on RT3D MNA/EA Reaction Module Commonalities and the
Discussion of Select Reaction Parameters for additional information on features common to all
of these MNA/EA reaction modules and explanation of key reaction parameters.

Table 12 lists the chemical species included in this reaction module. Figure 10 shows the
conceptual model describing the potential biotic and abiotic degradation pathways of chlorinated
methane contaminants. See the conceptual model discussion for the Mixed Chloroethene/
Chloroethane/Chloromethane Dechlorination reaction module for information on the
development of the reaction pathways and the assumption of first-order reaction kinetics.

Table 12. Chemical Species Included in the Chloromethane Dechlorination Reaction Module

CAS® Molecular Chemical
No. | Abbreviation® Chemical Name Selected Alternate Name | Registry | Weight®
Formula
Number (g/mol)
1 |CT Tetrachloromethane Carbon Tetrachloride 56-23-5 | 153.82270 CCl,
2 |CF Trichloromethane Chloroform 67-66-3 | 119.37764 CHCIl,
. Methylene Dichloride,
3 |DCM Dichloromethane Methylene Chloride 75-09-2 84.93258 CH,Cl,
4 |CM Chloromethane Methyl Chloride 74-87-3 50.48752 CH;Cl
Tracer Conservative Tracer — N/A N/A N/A

? These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals
that may use the same abbreviation in other reaction modules.

® CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)

¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].

N/A — Not Applicable
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Figure10. Conceptual Model for Dechlorination Reactions in the Chloromethane
Dechlorination Reaction Module — Species in hexagonal shaded boxes are
innocuous products and are not tracked in the reaction module. The reaction types
for each pathway are described in Table 3.

3.2 Reaction Equations

The set of ODEs comprising this reaction module are shown in Equations 32 to 36. These ODEs
describe the reaction kinetics for the 5 chemical species in Table 12. See Table 13 for a detailed
itemization of all reaction parameters used in this reaction module.

dC

7CT :( —kang -Cop — kabg, 'CCT) (32)
dC

— = Yep ckanc, -Cop — kang, - Cep (33)

dt or
o Ypey - kangy - Cop
DCM _ 2
—dt (34)

= kanpey - Cpey  — kaepey - Cpey
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Yoy - Fan oy -kanye, - Cpey

dC.,, DCM DCM
Zam 35
" (35)
- kan, -C., — kab, -C., — kae,, -C.y,
dC;racer =0.0 (Conservative [non-reactive] tracer.) (36)
t

The first-order decay rate constants [T"'] of the i species are represented in the equations above
by the kan;, kae;, and kab; terms for anaerobic biological reactions, aerobic biological reactions,
or abiotic reactions, respectively. The concentration of the i species is represented by the C;
term [ML>]. The R; terms represent the retardation factor for the i species [unitless].

In cases where multiple daughter products may be produced from dechlorination of a single
parent species, the amount of each daughter species that is produced is a function of a mass yield
[MM'] and a stoichiometric dechlorination yield [mol/mol]. The mass yield value, Yy,
accounts for the difference in molecular weight between the parent species "p" and the daughter
species "d." All isomers of a daughter chemical have the same mass yield. Mass yield values
are included in the reaction module code and do not need to be input by the user. The
stoichiometric dechlorination yield represents the site-specific stoichiometry for each reaction
pathway that occurs as either an anaerobic (Fang,) or an abiotic process (Fabgp). The
stoichiometric dechlorination yield is the fractional moles of daughter species that are produced
by dechlorination of one mole of the parent species. The net yield is the product of the mass
yield and the stoichiometric dechlorination yield. To preserve the mass balance, the values of
the stoichiometric dechlorination yields are constrained by the relation in Equation 37.

Fan ., <1.0
DeM

(37)

3.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D
manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 9 reaction parameters
that must be specified for this reaction module are listed in Table 13 in the required order (ID
Number) with units and a description. Site-specific knowledge from field data or laboratory tests
should be applied to determine an appropriate model configuration for reaction parameters (i.e.,
the values and the spatial distribution).
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Table 13. Input Parameters for the Chloromethane Dechlorination Reaction Module

I;) Parameter ‘l;;:it:;::: Units Description

1 Fan ‘o | fan em dem | mol/mol Moles of CM produced from anaerobic decay of one mole of
DCM - = DCM

2 Kabcr kab ct 1/day | First-order decay coefficient for abiotic dechlorination of CT

3 Kabcy kab cm 1/day | First-order decay coefficient for abiotic dechlorination of CM

4 Kancr kan ct 1/day | First-order decay coefficient for anaerobic dechlorination of CT

5 Kancr kan cf 1/day | First-order decay coefficient for anaerobic dechlorination of CF

6 Kanpcy | kan_dem 1/day | First-order decay coefficient for anaerobic dechlorination of DCM

7 Kancy, kan cm 1/day | First-order decay coefficient for anaerobic dechlorination of CM

8 Kaepcy | kae dem 1/day | First-order decay coefficient for aerobic dechlorination of DCM

9 Kaecy, kae cm 1/day | First-order decay coefficient for aerobic dechlorination of CM

3.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Tables 14 through 17. These
parameters are arbitrary values and are not directly related to any specific laboratory data. Site-
specific values would need to be determined as part of a calibration process. Results for these
example batch simulations are shown in the Figures 11 through 14, respectively.

Table 14. Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Chloromethane Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan cm_dem 0.5 mol/mol 6 kan dem 0.005 1/day
2 kab ct 0.000047 1/day 7 kan cm 0.005 1/day
3 kab_cm 0.000094 1/day 8 kae_dem 0 1/day
4 kan ct 0.005 1/day 9 kae cm 0 1/day
5 kan cf 0.0005 1/day

Table 15. Parameter Values for Example Simulation 2 — Rates at 10% of Example Simulation 1
— with the Chloromethane Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan cm dem 0.5 mol/mol 6 | kan dcm 0.0005 1/day
2 kab_ct 0.0000047 1/day 7 kan_cm 0.0005 1/day
3 kab cm 0.0000094 1/day 8 kae dem 0 1/day
4 kan ct 0.0005 1/day 9 kae cm 0 1/day
5 kan cf 0.00005 1/day
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Table 16. Parameter Values for Example Simulation 3 — Different F Values Than Example

Simulation 1 — with the Chloromethane Dechlorination Reaction Module

Table 17. Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions — with
the Chloromethane Dechlorination Reaction Module

ID Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan cm_dem 0.1 mol/mol 6 kan dcm 0.005 1/day
2 kab_ct 0.000047 1/day 7 kan_cm 0.005 1/day
3 kab cm 0.000094 1/day 8 kae dem 0 1/day
4 kan ct 0.005 1/day 9 kae cm 0 1/day
5 kan cf 0.0005 1/day

ID Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan cm dem 0 mol/mol 6 | kan dcm 0 1/day
2 kab ct 0.000047 1/day 7 kan cm 0 1/day
3 kab_cm 0.000094 1/day 8 kae_dem 0.005 1/day
4 kan ct 0 1/day 9 kae cm 0.005 1/day
5 kan cf 0 1/day
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Figure 11. Dechlorination of CT Using the Parameter Values Shown in Table 14 — The initial
concentration for CT was 1 mg/L. All other species concentrations started at zero.
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Figure 12. Dechlorination of CT Using the Parameter Values Shown in Table 15 — The initial
concentration for CT was 1 mg/L. All other species concentrations started at zero.
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Figure 13. Dechlorination of CT Using the Parameter Values Shown in Table 16 — The initial
concentration for CT was 1 mg/L. All other species concentrations started at zero.
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Figure 14. Aerobic and Abiotic Degradation Using the Parameter Values Shown in Table 17 —

The initial concentrations for CT, CF, DCM, and CM were 1, 0.8, 0.6, and 0.4 mg/L,
respectively.
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4.0 Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes

4.1 Conceptual Model for Dechlorination Reactions

This reaction module describes dechlorination of 1,1,2,2-tetrachloroethane, tetrachloroethene,
and related daughter products (including 1,1,2-TCA and 1,2-DCA) using first-order rate
expressions. The module includes abiotic, aerobic, and anoxic/anaerobic reaction pathways,
which the user may selectively turn off by setting the (spatially variable) values of the
stoichiometric yields and/or the reaction rate constants to zero. See the section on RT3D
MNA/EA Reaction Module Commonalities and the Discussion of Select Reaction Parameters for
additional information on features common to all of these MNA/EA reaction modules and
explanation of key reaction parameters.

Table 18 lists the chemical species included in this reaction module. Dechlorination reactions
for chlorinated ethane contaminants can result in formation of chlorinated ethene species, so this
reaction module combines the reaction pathways for these two groups of contaminants. Figure
15 shows the conceptual model describing the potential biotic and abiotic degradation pathways
of both chlorinated ethene and chlorinated ethane contaminants. See the conceptual model
discussion for the Mixed Chloroethene/ Chloroethane/Chloromethane Dechlorination reaction
module for information on the development of the reaction pathways and the assumption of first-
order reaction kinetics.
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Table 18. Chemical Species Included in the Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes Reaction Module

CAS" Molecular Chemical
No. | Abbreviation® Chemical Name Selected Alternate Name | Registry | Weight©
Formula
Number (g/mol)
1 |TeCA 1,1,2,2-Tetrachloroethane |1,1,2,2-TeCA 79-34-5 | 167.84928 | C,H,Cl,
2 |TCA 1,1,2-Trichloroethane | * /1 Trichloride; 79-00-5 | 133.40422 | C,H;Cly
1,1,2-TCA
3 |DCA 1,2-Dichloroethane Ethane Dichloride; 107-062 | 98.95916 | C,H.ClL,
1,2-DCA
4 |CA Chloroethane Ethyl Chloride 75-00-3 64.5141 C,H;Cl
5 |PCE Tetrachloroethene Tetrachloroethylene; 127-18-4 | 165.8334 | C,Cl,
Perchloroethylene
6 |TCE Trichloroethene Trichloroethylene 79-01-6 | 131.38834 | C,HCl,
. . cis-1,2-Dichloroethylene;
7 |cDCE cis-1,2-Dichloroethene cis-1.2-DCE; cis-DCE 156-59-2 | 96.94328 | C,H,Cl,
. trans-1,2-Dichloroethylene;
8 |[tDCE trans-1,2-Dichloroethene trans-1,2-DCE; trans-DCE 156-60-5 | 96.94328 C,H,Cl,
9 |11DCE 1,1-Dichloroethene Vinylidene Chloride; 75-35-4 | 96.94328 | C,H,Cl,
1,1-DCE
10 |VC Chloroethene Vinyl Chloride 75-01-4 | 62.49822 C,H;Cl
11 |Tracer Conservative Tracer — N/A N/A N/A

? These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals
that may use the same abbreviation in other reaction modules.

® CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)

¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].
N/A — Not Applicable
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Figure 15. Conceptual Model for Dechlorination Reactions in the Dechlorination of 1,1,2,2-
Tetrachloroethane and Chloroethenes Reaction Module — Species in hexagonal
shaded boxes are innocuous products and are not tracked in the reaction module.
The reaction types for each pathway are described in Table 3.

4.2 Reaction Equations

The set of ODEs comprising this reaction module are shown in Equations 38 to 48. These ODEs
describe the reaction kinetics for the 11 chemical species in Table 18. See Table 19 for a
detailed itemization of all reaction parameters used in this reaction module.

dC
#CA =| —kanpc, - Crey = kabrc, - Crey (38)
dC
dTCA =|Yyey - Fan g, -kange, - Crey = kange, - Crey — kabpe, - Crey (39)
4 TeCa TeCA
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Ypes - Fan e, - kange, - Cpe,

dCp., TCA 7CA
_ 40
“u (40)
— kanpe, - Cpey — kabpey - Cpey — kaepe, - Cpey
Yoo - Fan oy -kanpe, - Cpey
dC., | bci  bea )
dt
— kan.,-C., — kab.,-C., — kae., -Cg,
dC
TPCE = [ — kan e - CPCEJ (42)
t
dcC
% = (YTCE kanpep - Coep + Yiyep ~kabpcy - Crey — kangeg - CTCEJ (43)
t PCE TeCA
Yoer “Fan pep ~kang,e, - Croy + Yo - Fan e - kange, - Crep
TeCA TeCA TCE TCE
dC.,
T?CE = + Y@ - Fab pep - kabge, - Cre, (44)
7CA 7CA
— kan.pep - Coper — kaepep - Coper
Yoo - Fanpep - kang,e, - Crey + Ypop - Fanpep - kangep - Crep
TeCA TeCA TCE TCE
dcC
% = + Ypeg - Fab oy - kabye, - Crey (45)
t 7CA TCA
— kanpep - Cpep — kaepep - Cope
Yoer - Fanypeg - kangep - Crop + Ypep - Faby,pep - kabpe, - Crey
dCpep | TCE TCE o TCA (46)
dt

— kan, pey - Chiper — kaeypes + Chiper
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YE -Fanﬁ kange, - Crey + Yo -Fan o -kan e - Copep
TCA TCA DCE ¢DCE
+ Yy - Fan o -kanpep - Cpep
dC,. DCE (DCE
— = (47)
dt
+ Yy -Fan o -kany e - Chipeg
DCE 11DCE
— kany,. -C,. — kae,. -C,.
dCTracer A 2 A
=0.0 (Conservative [non-reactive] tracer.) (48)
dt

The first-order decay rate constants [T™'] of the i species are represented in the equations above
by the kan;, kae;, and kab; terms for anaerobic biological reactions, aerobic biological reactions,
or abiotic reactions, respectively. The concentration of the i species is represented by the C;
term [ML™]. The R; terms represent the retardation factor for the i species [unitless].

In cases where multiple daughter products may be produced from dechlorination of a single
parent species, the amount of each daughter species that is produced is a function of a mass yield
[MM'] and a stoichiometric dechlorination yield [mol/mol]. The mass yield value, Yy,
accounts for the difference in molecular weight between the parent species "p" and the daughter
species "d." All isomers of a daughter chemical have the same mass yield. Mass yield values
are included in the reaction module code and do not need to be input by the user. The
stoichiometric dechlorination yield represents the site-specific stoichiometry for each reaction
pathway that occurs as either an anaerobic (Fangp) or an abiotic process (Fabyp). The
stoichiometric dechlorination yield is the fractional moles of daughter species that are produced
by dechlorination of one mole of the parent species. The net yield is the product of the mass
yield and the stoichiometric dechlorination yield. To preserve the mass balance, the values of
the stoichiometric dechlorination yields are constrained by the relations in Equations 49 to 56.

Fan .., + Fan_ . + Fan,,., =1.0

TeCA TeCA TeCA ( 49 )

Fanp,., + Fan,. =1.0 (50)
TCA TCA

Fan_,., + Fan,. + Fan, - =1.0 (51)
TCE TCE TCE

Fab, .. + Fab,.. + Fab,,, =10 (52)

TCA TCA TCA
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Fan ., <1.0 (53)

DCA

Fan ,. <1.0 (54)
cDCE
Fan ,. £1.0
tll)/CE (55)
Fan ,. <1.0 (56)

11DCE

4.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input

for

the Reaction Package. The Reaction Package input file structure is discussed in the RT3D

manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 35 reaction
parameters that must be specified for this reaction module are listed in Table 19 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).

Table 19. Input Parameters for the Dechlorination of 1,1,2,2-Tetrachloroethane and
Chloroethenes Reaction Module

ID Fortran
Parameter nit Description
4 ete Variable Units escriptio
| F abc DCE fab cdce tca mol/mol Moles of cis-1,2-DCE produced from abiotic decay of one mole
TCA - - of TCA
Moles of trans-1,2-DCE fr ioti f
2 Fab e | fab tdee tca mol/mol oles of trans-1,2-DCE produced from abiotic decay of one
TCA - - mole of TCA
Moles of 1,1-DCE f ioti f le of
3 FabllDCE fab 11dce tea | mol/mol oles of 1,1-DCE produced from abiotic decay of one mole o
TCA - - TCA
4 Fan rca fan tca teca mol/mol Moles of TCA produced from anaerobic decay of one mole of
TeCA - = TeCA
5 F an .pcp fan cdee teca | mol/mol Moles of cis-1,2-DCE produced from anaerobic decay of one
TeCA - - mole of TeCA
6 Fan DCE fan tdce teca mol/mol Moles of trans-1,2-DCE produced from anaerobic decay of one
TeCA - - mole of TeCA
Moles of DCA fi i f le of
7 Fan pes | fan dea tea mol/mol 0 e; (;)A CA produced from anaerobic decay of one mole o
TCA
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Table 19. (contd)

D Fortran
Parameter Units Description
# Variable P
g Fan e | fan ve tea mol/mol Moles of VC produced from anaerobic decay of one mole of
TCA - - TCA
9 Fan ¢4 |fan ca dea mol/mol Moles of CA produced from anaerobic decay of one mole of
DCA - - DCA
Moles of cis-1,2-DCE fi i f
10 Fan DCE | fan cdee tee mol/mol oles of cis-1,2-DCE produced from anaerobic decay of one
TCE - - mole of TCE
11 Fan DCE fan tdce tce mol/mol Moles of trans-1,2-DCE produced from anaerobic decay of one
TCE - = mole of TCE
12 Fan,,pcp fan 11dce tee | mol/mol Moles of 1,1-DCE produced from anaerobic decay of one mole
TCE - - of TCE
13 Fan . fan ve cdee mol/mol Moles. of VC produced from anaerobic decay of one mole of
¢DCE - - cis-1,2-DCE
14 Fan v | fan ve tdee mol/mol Moles of VC produced from anaerobic decay of one mole of
tDCE - - trans-1,2-DCE
Moles of fi i f le of
15 Fan . fan ve 1ldee | mol/mol oles of VC produced from anaerobic decay of one mole o
11DCE - = 1,1-DCE
16 kab e kab teca 1/day | First-order decay coefficient for abiotic dechlorination of TeCA
17 kab,., kab tca 1/day | First-order decay coefficient for abiotic dechlorination of TCA
18 kabpc, kab dca 1/day | First-order decay coefficient for abiotic dechlorination of DCA
19 kab,, kab ca 1/day | First-order decay coefficient for abiotic dechlorination of CA
20 ks, kan_teca 1/day First-order decay coefficient for anaerobic dechlorination of
TeCA
71 kan,, kan tca 1/day First-order decay coefficient for anaerobic dechlorination of
- TCA
2 kan,,, kan_dca 1/day First-order decay coefficient for anaerobic dechlorination of
DCA
23 kan, kan ca 1/day | First-order decay coefficient for anaerobic dechlorination of CA
24 karyes kan_pce 1/day First-order decay coefficient for anaerobic dechlorination of
PCE
25 kan,es kan tce 1/day First-order decay coefficient for anaerobic dechlorination of
- TCE
First-order decay coefficient for anaerobic dechlorination of
26 kan.,c; | kan_cdce 1/day ¢is-1.2-DCE
27 kanpes kan_tdce 1/day First-order decay coefficient for anaerobic dechlorination of

trans-1,2-DCE
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Table 19. (contd)

ID Fortran
Parameter Units Description
# Variable P
28 kanypes | kan 11dce 1/day First-order decay coefficient for anaerobic dechlorination of
1,1-DCE
29 kany. kan vc 1/day | First-order decay coefficient for anaerobic dechlorination of VC
30 kaepc, kae dca 1/day | First-order decay coefficient for acrobic dechlorination of DCA
31 kae, kae ca 1/day | First-order decay coefficient for acrobic dechlorination of CA
First-order decay coefficient for aerobic dechlorination of
32 kae.pcx kae cdce 1/day cis-1.2-DCE
First-order decay coefficient for aerobic dechlorination of
33 kaepcr kae tdce 1/day rans-1,2-DCE
34 kaeines | kae 11dce 1/day First-order decay coefficient for aerobic dechlorination of
- 1,1-DCE
35 kae,. kae vc 1/day | First-order decay coefficient for acrobic dechlorination of VC

4.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Tables 20 through 23. These
parameters are arbitrary values and are not directly related to any specific laboratory data. Site-
specific values would need to be determined as part of a calibration process. Results for these
example batch simulations are shown in the Figures 16 through 19, respectively.
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Table 20. Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab_cdce tca 0.2 mol/mol 19 | kab ca 0.001 1/day
2 fab_tdce tca 0.8 mol/mol 20 | kan_teca 0.005 1/day
3 fab 1ldce tca 0 mol/mol 21 | kan tca 0.01 1/day
4 fan tca teca 0 mol/mol 22 | kan dca 0.025 1/day
5 fan_cdce teca 0.2 mol/mol 23 | kan ca 0.025 1/day
6 fan_tdce teca 0 mol/mol 24 | kan pce 0.025 1/day
7 fan_dca tca 0.2 mol/mol 25 | kan_tce 0.025 1/day
8 fan_vc_tca 0.8 mol/mol 26 | kan cdce 0.025 1/day
9 fan _ca dca 0.2 mol/mol 27 | kan_tdce 0.025 1/day
10 | fan cdce tce 0.8 mol/mol 28 | kan 1ldce 0.025 1/day
11 | fan tdce tce 0.2 mol/mol 29 | kan vc 0.0025 1/day
12 | fan_1ldce tce 0 mol/mol 30 |kae dca 0 1/day
13 | fan_vc_cdce 0.8 mol/mol 31 |kae ca 0 1/day
14 | fan vc tdce 0.8 mol/mol 32 | kae cdce 0 1/day
15 | fan vc lldce 0.8 mol/mol 33 | kae tdce 0 1/day
16 |kab teca 0.006 1/day 34 | kae lldce 0 1/day
17 |kab tca 0 1/day 35 | kae vc 0 1/day
18 |[kab_dca 0.00003 1/day

Table 21. Parameter Values for Example Simulation 2 — Rates at 10% of Example Simulation 1
— with the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab_cdce tca 0.2 mol/mol 19 |kab ca 0.0001 1/day
2 fab_tdce tca 0.8 mol/mol 20 | kan_teca 0.0005 1/day
3 fab 11dce tca 0 mol/mol 21 | kan tca 0.001 1/day
4 fan tca teca 0 mol/mol 22 | kan dca 0.0025 1/day
5 fan_cdce teca 0.2 mol/mol 23 | kan ca 0.0025 1/day
6 fan_tdce teca 0 mol/mol 24 | kan pce 0.0025 1/day
7 fan_dca tca 0.2 mol/mol 25 | kan_tce 0.0025 1/day
8 fan_vc tca 0.8 mol/mol 26 | kan_cdce 0.0025 1/day
9 fan ca dca 0.2 mol/mol 27 | kan tdce 0.0025 1/day
10 | fan_cdce tce 0.8 mol/mol 28 | kan Illdce 0.0025 1/day
11 | fan_tdce tce 0.2 mol/mol 29 |kan vc 0.00025 1/day
12 | fan_1ldce tce 0 mol/mol 30 |kae dca 0 1/day
13 | fan vc cdce 0.8 mol/mol 31 |kae ca 0 1/day
14 | fan vc tdce 0.8 mol/mol 32 | kae cdce 0 1/day
15 |fan_vc 1ldce 0.8 mol/mol 33 | kae tdce 0 1/day
16 |kab teca 0.0006 1/day 34 |kae 1ldce 0 1/day
17 | kab tca 0 1/day 35 |kae vc 0 1/day
18 | kab dca 0.000003 1/day




Table 22. Parameter Values for Example Simulation 3 — Different F Values Than Example
Simulation 1 — with the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes

Reaction Module.

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab_cdce tca 0.2 mol/mol 19 |kab ca 0.001 1/day
2 fab_tdce tca 0.8 mol/mol 20 | kan_teca 0.005 1/day
3 fab 1ldce tca 0 mol/mol 21 | kan tca 0.01 1/day
4 fan tca teca 0.8 mol/mol 22 | kan dca 0.025 1/day
5 fan_cdce teca 0 mol/mol 23 |kan ca 0.025 1/day
6 fan_tdce teca 0.2 mol/mol 24 | kan pce 0.025 1/day
7 fan dca tca 0.8 mol/mol 25 | kan tce 0.025 1/day
8 fan_vc_tca 0.2 mol/mol 26 | kan cdce 0.025 1/day
9 fan _ca dca 0.8 mol/mol 27 | kan_tdce 0.025 1/day
10 | fan cdce tce 0.2 mol/mol 28 | kan 1ldce 0.025 1/day
11 | fan tdce tce 0 mol/mol 29 | kan vc 0.0025 1/day
12 | fan 1ldce tce 0.8 mol/mol 30 |kae dca 0 1/day
13 | fan_vc_cdce 0.2 mol/mol 31 |kae ca 0 1/day
14 | fan_vc tdce 0.2 mol/mol 32 | kae cdce 0 1/day
15 | fan vc lldce 0.2 mol/mol 33 | kae tdce 0 1/day
16 |kab teca 0.006 1/day 34 |kae 1ldce 0 1/day
17 |kab tca 0 1/day 35 | kae vc 0 1/day
18 |[kab_dca 0.00003 1/day

Table 23. Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions — with
the Dechlorination of 1,1,2,2-Tetrachloroethane and Chloroethenes Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab_cdce tca 0.2 mol/mol 19 |kab ca 0.001 1/day
2 fab_tdce tca 0.8 mol/mol 20 | kan_teca 0 1/day
3 fab 1ldce tca 0 mol/mol 21 | kan tca 0 1/day
4 fan tca teca 0 mol/mol 22 | kan dca 0 1/day
5 fan_cdce teca 0 mol/mol 23 | kan ca 0 1/day
6 fan_tdce teca 0 mol/mol 24 | kan pce 0 1/day
7 fan_dca tca 0 mol/mol 25 | kan_tce 0 1/day
8 fan_vc tca 0 mol/mol 26 | kan_cdce 0 1/day
9 fan ca dca 0 mol/mol 27 | kan tdce 0 1/day
10 | fan cdce tce 0 mol/mol 28 | kan 1ldce 0 1/day
11 | fan_tdce tce 0 mol/mol 29 |kan vc 0 1/day
12 | fan_1ldce tce 0 mol/mol 30 |kae dca 0.005 1/day
13 | fan vc cdce 0 mol/mol 31 |kae ca 0.005 1/day
14 | fan vc tdce 0 mol/mol 32 | kae cdce 0.005 1/day
15 |fan_vc 1ldce 0 mol/mol 33 | kae tdce 0.005 1/day
16 |kab teca 0.006 1/day 34 | kae 1ldce 0.005 1/day
17 |kab tca 0 1/day 35 | kae vc 0.005 1/day
18 | kab dca 0.00003 1/day
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Figure 16. Dechlorination of 1,1,2,2-TeCA Using the Parameter Values Shown in Table 20 —
The initial concentration for TeCA was 1 mg/L. All other species concentrations

started at zero. In the results, the concentrations of TCA, DCA, CA, PCE, and
1IDCE are zero.
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Figure 17. Dechlorination of 1,1,2,2-TeCA Using the Parameter Values Shown in Table 21 —

The initial concentration for TeCA was 1 mg/L. All other species concentrations
started at zero.
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Figure 18. Dechlorination of 1,1,2,2-TeCA Using the Parameter Values Shown in Table 22 —

The initial concentration for TeCA was 1 mg/L. All other species concentrations
started at zero.
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Figure19. Aderobic and Abiotic Degradation of Contaminants in the 1,1,2,2-TeCA and PCE
Families Using the Parameter Values Shown in Table 23 — The initial
concentrations for TeCA, TCA, DCA, CA, PCE, TCE, cDCE, tDCE, 11DCE, and VC
were 1, 0, 1, 0.8, 1, 0, 0.6, 0.5, 0.4, and 0.3 mg/L, respectively.
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5.0 Dechlorination of 1,1,1,2-Tetrachloroethane and
Chloroethenes

5.1 Conceptual Model for Dechlorination Reactions

This reaction module describes dechlorination of 1,1,1,2-tetrachloroethane, tetrachloroethene,
and related daughter products (including 1,1,1-TCA and 1,1-DCA) using first-order rate
expressions. The module includes abiotic, aerobic, and anoxic/anaerobic reaction pathways,
which the user may selectively turn off by setting the (spatially variable) values of the
stoichiometric yields and/or the reaction rate constants to zero. See the section on RT3D
MNA/EA Reaction Module Commonalities and the Discussion of Select Reaction Parameters for
additional information on features common to all of these MNA/EA reaction modules and
explanation of key reaction parameters.

Table 24 lists the chemical species included in this reaction module. Dechlorination reactions
for chlorinated ethane contaminants can result in formation of chlorinated ethene species, so this
reaction module combines the reaction pathways for these two groups of contaminants. Figure
20 shows the conceptual model describing the potential biotic and abiotic degradation pathways
of both chlorinated ethene and chlorinated ethane contaminants. See the conceptual model
discussion for the Mixed Chloroethene/ Chloroethane/Chloromethane Dechlorination reaction
module for information on the development of the reaction pathways and the assumption of first-
order reaction kinetics.
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Table 24. Chemical Species Included in the Dechlorination of 1,1,1,2-Tetrachloroethane and
Chloroethenes Reaction Module

CAS" Molecular

No. | Abbreviation® Chemical Name Selected Alternate Name | Registry | Weight© Chemical
Formula
Number (g/mol)
1 |TeCA 1,1,1,2-Tetrachloroethane |1,1,1,2-TeCA 167.84928 | C,H,Cly
2 |TCA 1,1,1-Trichloroethane 1,1,1-TCA 133.40422 | C,H;Cl,
3 |DCA 1,1-Dichloroethane 1,1-DCA 98.95916 | C,H,Cl,
4 |CA Chloroethane Ethyl Chloride 75-00-3 64.5141 C,H;Cl
5 |PCE Tetrachloroethene Tetrachloroethylene; 127-18-4 | 165.8334 | CxCl,
Perchloroethylene
6 |TCE Trichloroethene Trichloroethylene 79-01-6 | 131.38834 | C,HCl,

cis-1,2-Dichloroethylene;

7 |cDCE cis-1,2-Dichloroethene cis-1.2-DCE; cis-DCE 156-59-2 | 96.94328 C,H,Cl,
. trans-1,2-Dichloroethylene;
8 |tDCE trans-1,2-Dichloroethene rans-1,2-DCE; trans-DCE 156-60-5 | 96.94328 | C,H,Cl,
9 |11DCE 1,1-Dichloroethene Vinylidene Chloride; 75-35-4 | 96.94328 | C,H,Cl,
1,1-DCE
10 {VC Chloroethene Vinyl Chloride 75-01-4 62.49822 C,H;Cl1
11 |Tracer Conservative Tracer — N/A N/A N/A

? These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals
that may use the same abbreviation in other reaction modules.

® CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)

¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].

N/A — Not Applicable
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Figure 20. Conceptual Model for Dechlorination Reactions in the Dechlorination of 1,1,1,2-
Tetrachloroethane and Chloroethenes Reaction Module — Species in hexagonal
shaded boxes are innocuous products and are not tracked in the reaction module.
The reaction types for each pathway are described in Table 3.

5.2 Reaction Equations

The set of ODEs comprising this reaction module are shown in Equations 57 to 67. These ODEs
describe the reaction kinetics for the 11 chemical species in Table 24. See Table 25 for a
detailed itemization of all reaction parameters used in this reaction module.

dCT eCA

dt

dCrey
dt

|

— kan,c, - Croey

Yiey - Fan oy ~kang,e, - Crey — kange, - Cpe,

TeCA TeCA

— kab

TeCA * CTeCA
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Ypes kange, - Crey
dC ., _| e

59
r (59)
— kanpe, - Cpey — kabpey - Cpey
Jc Yeu ~kanpe, - Cpey
4 DCA
Yrea _ 60
it (60)
— kan.,-C., — kab.,-C., — kae., -C,,
dC
TPCE:[ — kanpe, 'CPCEJ (61)
t
Yice kanpcp - Cpeg
dCTCE re (62)
dt
+ Yiep kabcy - Croey — kangeg - Crop
TeCA
Yoo - Fan peg “kangcp - Creg
dC s TCE TCE
== 63
it (63)
= kan,pep - Copep — kaepep - Coper
Ypep - Fan peg “kan,p - Crop
dC s TCE TCE
64
it (64)
— kanpep - Copep — kaepeg - Coper
Ypeg - Fanpeg - kanyey - Crep + Ypep - Fany peg - kang,e, - Cre,
TCE TCE TeCA TeCA
dC
% = + Yper - Fabypep - kabye, - Cpe, (65)
t TCA 7C4
— kan,pep - Chipeg — kaeypeg - Chiper
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Y£ ~Fan . -kan pep - Copeg
DCE ¢DCE
+ Yy - Fan o -kanpep - Cpep
DCE (DCE
dC,
Ve _
_dt = + Yo - Fan o -kanypep - Chipeg (66)
DCE 11DCE
+ Yy - kabpe, - Cpe,
DCA
— kan,. - C,. — kae,. -Cy.
dCTmcer =0.0 (Conservative [non-reactive] tracer.) (67)
dt

The first-order decay rate constants [T"'] of the i species are represented in the equations above
by the kan;, kae;, and kab; terms for anaerobic biological reactions, aerobic biological reactions,
or abiotic reactions, respectively. The concentration of the i species is represented by the C;
term [ML>]. The R; terms represent the retardation factor for the i species [unitless].

In cases where multiple daughter products may be produced from dechlorination of a single
parent species, the amount of each daughter species that is produced is a function of a mass yield
[MM'] and a stoichiometric dechlorination yield [mol/mol]. The mass yield value, Yy,
accounts for the difference in molecular weight between the parent species "p" and the daughter
species "d." All isomers of a daughter chemical have the same mass yield. Mass yield values
are included in the reaction module code and do not need to be input by the user. The
stoichiometric dechlorination yield represents the site-specific stoichiometry for each reaction
pathway that occurs as either an anaerobic (Fangp) or an abiotic process (Fabyy). The
stoichiometric dechlorination yield is the fractional moles of daughter species that are produced
by dechlorination of one mole of the parent species. The net yield is the product of the mass
yield and the stoichiometric dechlorination yield. To preserve the mass balance, the values of
the stoichiometric dechlorination yields are constrained by the relations in Equations 68 to 73.

Fan ., + Fan, - =1.0

TeCA TeCA (68)
Fab, per <1.0 (69)
TCA
Fan pey + Fanpe, + Fanype =1.0 (70)

TCE TCE TCE
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Fan ,. <1.0

cDCE (71)
Fan <1.0

% (72)
Fan ,. <1.0 (73)

11DCE

5.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D
manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 28 reaction
parameters that must be specified for this reaction module are listed in Table 25 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).

Table 25. Input Parameters for the Dechlorination of 1,1,1,2-Tetrachloroethane and
Chloroethenes Reaction Module

ID Fortran
Parameter Units Description
# Variable P
1 F ab11 pctE | fab 11dce tea | mol/mol Moles of 1,1-DCE produced from abiotic decay of one mole of
TCA - - TCA
b Fan ., fan_tca_teca mol/mol Molezﬁe%f[;l"CA produced from anaerobic decay of one mole of
TeCA

3 Fan,,pcp fan_11dce teca | mol/mol Moles of 1,1-DCE produced from anaerobic decay of one mole
TeCA of TeCA

4 F an pcx fan cdce tee mol/mol Moles of cis-1,2-DCE produced from anaerobic decay of one
TCE - - mole of TCE

5 Fan fan tdee toe mol/mol Moles of trans-1,2-DCE produced from anaerobic decay of one
TCE - - mole of TCE

fan_11dce tce | mol/mol Moles of 1,1-DCE produced from anaerobic decay of one mole

TCE of TCE
Moles of fi i f le of
7 Fan . fan ve cdee mol/mol oles o VC produced from anaerobic decay of one mole o
¢DCE - = cis-1,2-DCE
Moles of fi i f le of
8 Fan ,. fan ve tdee mol/mol oles of VC produced from anaerobic decay of one mole o
(DCE - - trans-1,2-DCE
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Table 25. (contd)

ID Fortran
Parameter Units Description
# Variable P
Moles of fi i f le of
9 Fan . fan ve 11dee | mol/mol oles of VC produced from anaerobic decay of one mole o
11DCE - = 1,1-DCE
10 kabc kab teca 1/day | First-order decay coefficient for abiotic dechlorination of TeCA
11 kab,., kab tca 1/day | First-order decay coefficient for abiotic dechlorination of TCA
12 kabp, kab dca 1/day | First-order decay coefficient for abiotic dechlorination of DCA
13 kab., kab ca 1/day | First-order decay coefficient for abiotic dechlorination of CA
14 kan,e, kan teca 1/day First-order decay coefficient for anaerobic dechlorination of
- TeCA
15 kan,, kan tca 1/day First-order decay coefficient for anaerobic dechlorination of
- TCA
16 kany,, kan dea 1/day First-order decay coefficient for anaerobic dechlorination of
- DCA
17 kan, kan ca 1/day | First-order decay coefficient for anaerobic dechlorination of CA
18 kanyes kan_pce 1/day First-order decay coefficient for anaerobic dechlorination of
PCE
19 kan e kan tce 1/day First-order decay coefficient for anaerobic dechlorination of
- TCE
First-order decay coefficient for anaerobic dechlorination of
20 kan.,e: | kan _cdce 1/day ¢is-1.2-DCE
First-order decay coefficient for anaerobic dechlorination of
21 kanpcx kan tdce 1/day trans-1,2-DCE
2 kan e kan_11dce 1/day First-order decay coefficient for anaerobic dechlorination of
1,1-DCE
23 kan,. kan vc 1/day | First-order decay coefficient for anaerobic dechlorination of VC
24 kae., kae ca 1/day | First-order decay coefficient for aerobic dechlorination of CA
First-order decay coefficient for aerobic dechlorination of
25 kae pcr kae cdce 1/day ¢is-1.2-DCE
First-order decay coefficient for aerobic dechlorination of
26 kaepcr kae tdce 1/day trans-1,2-DCE
27 kae o kae 11dce 1/day First-order decay coefficient for aerobic dechlorination of
1,1-DCE
28 kae,. kae vc 1/day | First-order decay coefficient for aerobic dechlorination of VC

5.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Tables 26 through 29. These
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parameters are arbitrary values and are not directly related to any specific laboratory data. Site-
specific values would need to be determined as part of a calibration process. Results for these
example batch simulations are shown in the Figures 21 through 24, respectively.

Table 26. Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Dechlorination of 1,1, 1,2-Tetrachloroethane and Chloroethenes Reaction Module

Table 27. Parameter Values for Example Simulation 2 — Rates at 10% of Example Simulation 1
— with the Dechlorination of 1,1, 1,2-Tetrachloroethane and Chloroethenes Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab 11dce tca 0.2 mol/mol 15 |kan tca 0.01 1/day
2 fan tca teca 0.2 mol/mol 16 |kan dca 0.025 1/day
3 fan_11dce teca 0.8 mol/mol 17 |kan ca 0.025 1/day
4 fan_cdce tce 0.8 mol/mol 18 | kan pce 0.025 1/day
5 fan_tdce tce 0.2 mol/mol 19 | kan_tce 0.025 1/day
6 fan_11dce tce 0 mol/mol 20 | kan cdce 0.025 1/day
7 fan_vc_cdce 0.8 mol/mol 21 | kan_tdce 0.025 1/day
8 fan_vc_tdce 0.8 mol/mol 22 | kan Illdce 0.025 1/day
9 fan_vc 1ldce 0.8 mol/mol 23 | kan vc 0.0025 1/day
10 | kab teca 0.006 1/day 24 | kae ca 0 1/day
11 |kab tca 0 1/day 25 | kae cdce 0 1/day
12 | kab dca 0.00003 1/day 26 | kae tdce 0 1/day
13 | kab ca 0.001 1/day 27 | kae lldce 0 1/day
14 | kan teca 0.005 1/day 28 | kae vc 0 1/day
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ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab 1ldce tca 0.2 mol/mol 15 | kan tca 0.001 1/day
2 fan tca teca 0.2 mol/mol 16 | kan dca 0.0025 1/day
3 fan_11ldce teca 0.8 mol/mol 17 |kan ca 0.0025 1/day
4 fan_cdce tce 0.8 mol/mol 18 | kan pce 0.0025 1/day
5 fan_tdce tce 0.2 mol/mol 19 | kan_tce 0.0025 1/day
6 fan_1ldce tce 0 mol/mol 20 | kan cdce 0.0025 1/day
7 fan_vc cdce 0.8 mol/mol 21 | kan tdce 0.0025 1/day
8 fan_vc_tdce 0.8 mol/mol 22 | kan Illdce 0.0025 1/day
9 fan_vc 1ldce 0.8 mol/mol 23 | kan_vc 0.00025 1/day
10 [ kab teca 0.0006 1/day 24 | kae ca 0 1/day
11 | kab tca 0 1/day 25 | kae cdce 0 1/day
12 | kab dca 0.000003 1/day 26 | kae tdce 0 1/day
13 |kab ca 0.0001 1/day 27 |kae 1ldce 0 1/day
14 | kan teca 0.0005 1/day 28 | kae vc 0 1/day




Table 28. Parameter Values for Example Simulation 3 — Different F Values Than Example
Simulation 1 — with the Dechlorination of 1,1, 1,2-Tetrachloroethane and Chloroethenes

Table 29. Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions — with

Reaction Module
ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab 1ldce tca 0.8 mol/mol 15 | kan tca 0.01 1/day
2 fan tca teca 0.2 mol/mol 16 | kan dca 0.025 1/day
3 fan_11dce teca 0.8 mol/mol 17 |kan ca 0.025 1/day
4 fan_cdce tce 0.2 mol/mol 18 | kan pce 0.025 1/day
5 fan_tdce tce 0 mol/mol 19 | kan_ tce 0.025 1/day
6 fan_1ldce tce 0.8 mol/mol 20 | kan_cdce 0.025 1/day
7 fan_vc cdce 0.2 mol/mol 21 | kan tdce 0.025 1/day
8 fan_vc_tdce 0.2 mol/mol 22 | kan Ildce 0.025 1/day
9 fan_vc 1ldce 0.2 mol/mol 23 | kan_vc 0.0025 1/day
10 | kab teca 0.006 1/day 24 | kae ca 0 1/day
11 | kab tca 0 1/day 25 | kae cdce 0 1/day
12 | kab dca 0.00003 1/day 26 | kae tdce 0 1/day
13 |kab ca 0.001 1/day 27 |kae 1ldce 0 1/day
14 | kan teca 0.005 1/day 28 | kae vc 0 1/day

the Dechlorination of 1,1,1,2-Tetrachloroethane and Chloroethenes Reaction Module
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ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fab 11dce tca 0.2 mol/mol 15 |kan tca 0 1/day
2 fan tca teca 0 mol/mol 16 |kan dca 0 1/day
3 fan_11ldce teca 0 mol/mol 17 |kan ca 0 1/day
4 fan_cdce tce 0 mol/mol 18 | kan pce 0 1/day
5 fan_tdce tce 0 mol/mol 19 | kan_tce 0 1/day
6 fan_11dce tce 0 mol/mol 20 | kan cdce 0 1/day
7 fan_vc cdce 0 mol/mol 21 | kan_tdce 0 1/day
8 fan_vc tdce 0 mol/mol 22 | kan 1ldce 0 1/day
9 fan_vc 1ldce 0 mol/mol 23 | kan vc 0 1/day
10 [ kab teca 0.006 1/day 24 | kae ca 0.005 1/day
11 |[kab tca 0 1/day 25 | kae cdce 0.005 1/day
12 | kab dca 0.00003 1/day 26 | kae tdce 0.005 1/day
13 |kab ca 0.001 1/day 27 |kae_lldce 0.005 1/day
14 | kan teca 0 1/day 28 | kae vc 0.005 1/day




0.9 \
0.8

g 0.7 + TeCA
=) TCA
€ 0.6 DCA
% ' —&—CA
S
8 PCE
c 05+ —%—TCE
o —=&—cDCE
kS
:C: 04+ —=—tDCE
g UDCE
ve
S 03
(@]

o A

" r ™~
0 A
0 50 100 150 200 250 300 350 400 450 500
Time (day)

Figure 21. Dechlorination of 1,1,1,2-TeCA Using the Parameter Values Shown in Table 26 —
The initial concentration for TeCA was 1 mg/L. All other species concentrations
started at zero.
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Figure 22. Dechlorination of 1,1,1,2-TeCA Using the Parameter Values Shown in Table 27 —
The initial concentration for TeCA was 1 mg/L. All other species concentrations
started at zero.
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Figure 23. Dechlorination of 1,1,1,2-TeCA Using the Parameter Values Shown in Table 28 —

The initial concentration for TeCA was 1 mg/L. All other species concentrations
started at zero.
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Figure 24. Aerobic and Abiotic Degradation of Contaminants in the 1,1,1,2-TeCA and PCE
Families Using the Parameter Values Shown in Table 29 — The initial
concentrations for TeCA, TCA, DCA, CA, PCE, TCE, cDCE, tDCE, 11DCE, and VC
were 1, 0, 1, 0.8, 1, 0, 0.6, 0.5, 0.4, and 0.3 mg/L, respectively.
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6.0 Chloroethene Dechlorination

6.1 Conceptual Model for Dechlorination Reactions

This reaction module describes dechlorination of tetrachloroethene, and related daughter
products using first-order rate expressions. The module includes both aerobic and
anoxic/anaerobic reaction pathways, which the user may selectively turn off by setting the
(spatially variable) values of the stoichiometric yields and/or the reaction rate constants to zero.
See the section on RT3D MNA/EA Reaction Module Commonalities and the Discussion of
Select Reaction Parameters for additional information on features common to all of these
MNA/EA reaction modules and explanation of key reaction parameters.

Table 30 lists the chemical species included in this reaction module. Figure 25 shows the
conceptual model describing the potential biotic degradation pathways of both chlorinated ethene
contaminants. Note that abiotic degradation reactions for chlorinated ethene compounds are
negligible, thus they are not included. See the conceptual model discussion for the Mixed
Chloroethene/ Chloroethane/Chloromethane Dechlorination reaction module for information on
the development of the reaction pathways and the assumption of first-order reaction kinetics.

Table 30. Chemical Species Included in the Chloroethene Dechlorination Reaction Module

CAS" Molecular Chemical
No. | Abbreviation * Chemical Name Selected Alternate Name | Registry | Weight®
Formula
Number (g/mol)
1 |PCE Tetrachloroethene Tetrachloroethylene; 127-18-4 | 165.8334 | CxCl,
Perchloroethylene
2 |TCE Trichloroethene Trichloroethylene 79-01-6 | 131.38834 | C,HCl,
. . cis-1,2-Dichloroethylene;
3 |cDCE cis-1,2-Dichloroethene cis-1.2-DCE; cis-DCE 156-59-2 | 96.94328 C,H,Cl,
. trans-1,2-Dichloroethylene;
4 [(tDCE trans-1,2-Dichloroethene rans-1,2-DCE; trans-DCE 156-60-5 | 96.94328 | C,H,Cl,
5 |11DCE 1,1-Dichloroethene Vinylidene Chloride; 75-35-4 | 96.94328 | C,H,Cl,
1,1-DCE
VC Chloroethene Vinyl Chloride 75-01-4 62.49822 C,H;Cl1
Tracer Conservative Tracer — N/A N/A N/A

* These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals
that may use the same abbreviation in other reaction modules.

® CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)

¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].

N/A — Not Applicable
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Figure 25. Conceptual Model for Dechlorination Reactions in the Chloroethene Dechlorination
Reaction Module — Species in hexagonal shaded boxes are innocuous products and
are not tracked in the reaction module. The reaction types for each pathway are
described in Table 3.

6.2 Reaction Equations

The set of ODEs comprising this reaction module are shown in Equations 74 to 80. These ODEs
describe the reaction kinetics for the 7 chemical species in Table 30. See Table 31 for a detailed
itemization of all reaction parameters used in this reaction module.

dC
—E =] - kanpeg - Cpey (74)
dt
Jc Yoer - kanpcp - Cpcp
e _| PCE
—dt (75)

= kangep - Crep
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Yper - Fan ey -kange, - Crep

TCE TCE
dCcDCE — (76)
dt
— kan peg - Copep — kae peg - Copep
Yyop - Fan pep -kange, - Crep
TCE TCE
dClDCE — (77)
dt
— kan - Copep — kaeper - Cpep
Ypep - Fanypeg - kan ey - Creg
dC,\pcx _| e TCE (78)
dt
— kan,peg - Chiper — kaeypeg - Ciper
YLC Fan o - kangpeg - Copeg
DCE ¢DCE
+ Yy - Fan ~kanpep - Copeg
dC,. _ DCE iDCE (79)
dt
+ Y£ “Fan o - kanypep - Cyipep
DCE 11DCE
— kany. - Cye — kaey - Cyc
dC;rtacer =0.0 (Conservative [non-reactive] tracer.) (80)

The first-order decay rate constants [T™'] of the i species are represented in the equations above
by the kan;, kae;, and kab; terms for anaerobic biological reactions, aerobic biological reactions,
or abiotic reactions, respectively. The concentration of the i species is represented by the C;
term [ML™]. The R; terms represent the retardation factor for the i species [unitless].

In cases where multiple daughter products may be produced from dechlorination of a single
parent species, the amount of each daughter species that is produced is a function of a mass yield
[MM™'] and a stoichiometric dechlorination yield [mol/mol]. The mass yield value, Yy,
accounts for the difference in molecular weight between the parent species "p" and the daughter
species "d." All isomers of a daughter chemical have the same mass yield. Mass yield values
are included in the reaction module code and do not need to be input by the user. The
stoichiometric dechlorination yield represents the site-specific stoichiometry for each reaction
pathway that occurs as either an anaerobic (Fang,) or an abiotic process (Fabgp). The
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stoichiometric dechlorination yield is the fractional moles of daughter species that are produced
by dechlorination of one mole of the parent species. The net yield is the product of the mass
yield and the stoichiometric dechlorination yield. To preserve the mass balance, the values of
the stoichiometric dechlorination yields are constrained by the relations in Equations 81 to 84.

Fan . + Fan,., + Fan,.,,, =1.0 (81)
TCE TCE TCE

Fan ,. <1.0 &2)
cDCE

Fan ,. <1.0 (83)
DCE

Fan ,. <1.0 (&)

DCE11

6.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D
manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 16 reaction
parameters that must be specified for this reaction module are listed in Table 31 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).
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Table 31. Input Parameters for the Chloroethene Dechlorination Reaction Module

ID Fortran
Parameter . Units Description
# Variable P
Moles of cis-1,2-DCE fi i f
1 Fan fan cdee toe mol/mol oles of cis-1,2-DCE produced from anaerobic decay of one
TCE - - mole of TCE
Moles of trans-1,2-DCE fr i f
2 Fan 0CE | fan tdee tee mol/mol oles of trans-1,2-DCE produced from anaerobic decay of one
TCE - - mole of TCE
Moles of 1,1-DCE fi i f 1
3 Fan, pcp fan 11dee tee | mol/mol oles of 1,1-DCE produced from anaerobic decay of one mole
TCE - - of TCE
4 Fan . fan ve cdee mol/mol Moles. of VC produced from anaerobic decay of one mole of
¢DCE - - cis-1,2-DCE
5 Fan . fan ve tdee mol/mol Moles of VC produced from anaerobic decay of one mole of
(DCE - = trans-1,2-DCE
6 Fan . fan ve 11dee | mol/mol Moles of VC produced from anaerobic decay of one mole of
11DCE - = 1,1-DCE
7 ke kan_pee 1/day First-order decay coefficient for anaerobic dechlorination of
PCE
] ke kan_ tce 1/day First-order decay coefficient for anaerobic dechlorination of
TCE
First-order decay coefficient for anaerobic dechlorination of
9 kan,pce kan cdce 1/day cis-1.2-DCE
First-order decay coefficient for anaerobic dechlorination of
10 kanpeg kan tdce 1/day rans-1,2-DCE
11 kanype, | kan 11dce 1/day First-order decay coefficient for anaerobic dechlorination of
1,1-DCE
12 kan,. kan vc 1/day | First-order decay coefficient for anaerobic dechlorination of VC
First-order decay coefficient for aerobic dechlorination of
13 kae.pcx kae cdce 1/day ¢is-1.2-DCE
First-order decay coefficient for aerobic dechlorination of
14 kaepcr kae tdce 1/day rans-1,2-DCE
15 kae, o kae_11dce 1/day First-order decay coefficient for aerobic dechlorination of
1,1-DCE
16 kaey. kae vc 1/day | First-order decay coefficient for acrobic dechlorination of VC

6.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Tables 32 through 35. These
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parameters are arbitrary values and are not directly related to any specific laboratory data. Site-
specific values would need to be determined as part of a calibration process. Results for these

example batch simulations are shown in the Figures 26 through 29, respectively.

Table 32. Parameter Values for Example Simulation 1 — Base Case Anaerobic Conditions —
with the Chloroethene Dechlorination Reaction Module

Table 33. Parameter Values for Example Simulation 2 — Rates at 10% of Example Simulation 1

— with the Chloroethene Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan_cdce tce 0.8 mol/mol 9 kan cdce 0.005 1/day
2 fan_tdce tce 0.2 mol/mol 10 | kan_ tdce 0.005 1/day
3 fan_11dce tce 0 mol/mol 11 | kan 1ldce 0.005 1/day
4 fan_vc cdce 0.8 mol/mol 12 | kan vc 0.0025 1/day
5 fan_vc_tdce 0.8 mol/mol 13 | kae cdce 0 1/day
6 fan_vc 1ldce 0.8 mol/mol 14 | kae_tdce 0 1/day
7 kan pce 0.025 1/day 15 |kae 1ldce 0 1/day
8 kan tce 0.025 1/day 16 | kae vc 0 1/day

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan_cdce tce 0.8 mol/mol 9 kan cdce 0.0005 1/day
2 fan_tdce tce 0.2 mol/mol 10 | kan_ tdce 0.0005 1/day
3 fan 1ldce tce 0 mol/mol 11 | kan 1ldce 0.0005 1/day
4 fan_vc cdce 0.8 mol/mol 12 | kan vc 0.00025 1/day
5 fan_vc_tdce 0.8 mol/mol 13 | kae cdce 0 1/day
6 fan_vc 1ldce 0.8 mol/mol 14 | kae_tdce 0 1/day
7 kan pce 0.0025 1/day 15 | kae lldce 0 1/day
8 kan_tce 0.0025 1/day 16 |kae vc 0 1/day

Table 34. Parameter Values for Example Simulation 3 — Different F Values Than Example

Simulation 1 — with the Chloroethene Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan_cdce tce 0.2 mol/mol 9 kan cdce 0.005 1/day
2 fan_tdce tce 0 mol/mol 10 | kan tdce 0.005 1/day
3 fan_1ldce tce 0.8 mol/mol 11 | kan 1ldce 0.005 1/day
4 fan_vc cdce 0.2 mol/mol 12 | kan vc 0.0025 1/day
5 fan_vc_tdce 0.2 mol/mol 13 | kae cdce 0 1/day
6 fan_vc 1ldce 0.2 mol/mol 14 | kae tdce 0 1/day
7 kan pce 0.025 1/day 15 | kae lldce 0 1/day
8 kan_tce 0.025 1/day 16 |kae vc 0 1/day




Table 35. Parameter Values for Example Simulation 4 — Base Case Aerobic Conditions — with
the Chloroethene Dechlorination Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 fan_cdce tce 0 mol/mol 9 kan cdce 0 1/day
2 fan_tdce tce 0 mol/mol 10 | kan tdce 0 1/day
3 fan_11dce tce 0 mol/mol 11 | kan 1ldce 0 1/day
4 fan_vc_cdce 0 mol/mol 12 | kan vc 0 1/day
5 fan_vc_tdce 0 mol/mol 13 | kae cdce 0.005 1/day
6 fan_vc 1ldce 0 mol/mol 14 | kae tdce 0.005 1/day
7 kan pce 0 1/day 15 | kae lldce 0.005 1/day
8 kan tce 0 1/day 16 | kae vc 0.005 1/day
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Figure 26. Dechlorination of PCE Using the Parameter Values Shown in Table 32 — The initial
concentration for PCE was 1 mg/L. All other species concentrations started at zero.
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Figure 27. Dechlorination of PCE Using the Parameter Values Shown in Table 33 — The initial
concentration for PCE was 1 mg/L. All other species concentrations started at zero.
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Figure 28. Dechlorination of PCE Using the Parameter Values Shown in Table 34 — The initial
concentration for PCE was 1 mg/L. All other species concentrations started at zero.
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Figure 29. Aerobic and Abiotic Degradation Using the Parameter Values Shown in Table 35 —
The initial concentrations for PCE, TCE, cDCE, tDCE, 11DCE, and VC were 1, 0,
1, 0.8, 0.6, and 0.4 mg/L, respectively.
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7.0 Redox-Linked Dechlorination of Chloroethenes

7.1 Conceptual Model for Dechlorination Reactions

This reaction module describes dechlorination of chlorinated ethene compounds by natural
attenuation processes where the pathway and rate of transformation is dependent on the
oxidation-reduction conditions. The reaction module adjusts the rate of dechlorination based on
a simplified framework to represent the oxidation-reduction conditions in the aquifer. This
module enables the user to link dechlorination rate to the concentration of geochemical indicator
species. The module is not a full geochemical model, but provides one potential means for the
user to model dechlorination at sites where the oxidation-reduction conditions in the aquifer are
spatially or temporally variable. The module includes both aerobic and anoxic/anaerobic
reaction pathways using first-order rate expressions (see the conceptual model description of the
Mixed Chloroethene/ Chloroethane/Chloromethane Dechlorination reaction module for
discussion on the assumption of first-order reaction kinetics). When oxygen is present, aerobic
dechlorination of DCE isomers and VC can occur. If the oxygen concentration is below 0.1
mg/L, aerobic dechlorination is inhibited. At low concentrations of oxygen (dependent on a
user-specified oxygen inhibition coefficient), anoxic/anaerobic dechlorination pathways are
possible with rates depending on the concentration of key redox couples. Nitrate and oxygen
inhibit all of the anoxic/anaerobic dechlorination pathways. The three key redox couples
included in the module are iron (ferrous iron/amorphous ferric hydroxide), sulfur
(sulfate/sulfide), and methane (methane/CO,). The redox conditions, as indicated by a calculated
pE value, are based on the relative concentrations of these species in each grid cell. The reaction
module is based on the assumption that the redox conditions related to the key redox couples
control the dechlorination reaction rate. Biological activity is not modeled explicitly under the
premise that the biological activity related to natural attenuation occurs based on the low, widely
distributed concentration of indigenous bacteria at a rate dependent on the geochemical
conditions. The concentration of bacteria is assumed to remain constant. If sufficient substrate
is present at a site to drive bacterial growth dynamics, other reaction modules that consider
biomass growth and subsequent impacts to dechlorination rate should be used.

The concentrations of redox couples can be set as initial conditions with any desired spatial
distribution (e.g., by interpolation of data at multiple monitoring wells). The redox species
concentrations can then either 1) stay static during the simulation, or 2) vary during the
simulation based on reactions of the redox species with oxygen or a user defined carbon source
(modeled as a generic carbon compound). If the model is configured for varying redox couples,
oxygen is also consumed by the carbon source or by oxidation of ferrous iron, sulfide, or
methane. The user can enter a different first-order dechlorination rate for iron-dominated, sulfur-
dominated, and methane-dominated redox conditions.
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Table 36 lists the chemical species included in this reaction module.

Figure 30 shows the

conceptual model describing the degradation reactions modeled in this reaction module. Note
that the carbon dioxide concentration is set to a constant value in the reaction module (because a
buffered system is assumed). Thus, the methane-dominated redox condition is dependent only
on variations in methane concentration. Ferric iron is modeled as an immobile species and all
other species are mobile.

Table 36. Chemical Species Included in the Redox-Linked Dechlorination of Chloroethenes

Reaction Module
CAS" Molecular .
. . a . . . +.c | Chemical
No. | Abbreviation Chemical Name Selected Alternate Name | Registry Weight
Formula
Number (g/mol)
1 |PCE Tetrachloroethene Tetrachloroethylene; 127-18-4 | 165.83340 | C,Cl,
Perchloroethylene
2 |TCE Trichloroethene Trichloroethylene 79-01-6 131.38834 | C,HCI,
. . cis-1,2-Dichloroethylene;
3 |cDCE cis-1,2-Dichloroethene cis-1.2-DCE; cis-DCE 156-59-2 96.94328 C,H,Cl,
. trans-1,2-Dichloroethylene;
4 [(tDCE trans-1,2-Dichloroethene rans-1,2-DCE; trans-DCE 156-60-5 96.94328 | C,H,Cl,
5 |11DCE 1,1-Dichloroethene Vinylidene Chloride; 75-35-4 | 96.94328 | C,H,Cl,
1,1-DCE
6 |VC Chloroethene Vinyl Chloride 75-01-4 62.49822 C,H;Cl1
7 |OXY Oxygen (dimer) Dissolved Oxygen 7782-44-7 | 31.9988 0,
8 |NIT Nitrate anion — 14797-55-8 | 62.0049 NO;
9 |FE2 Ferrous Iron cation Iron (II) 15438-31-0 | 55.8450 Fe**
10 |SO4 Sulfate anion Sulphate 14808-79-8 | 96.0626 SO”
11 |HS Hydrosulfide Bisulfide 15035-72-0 | 33.07294 HS
12 |CH4 Methane — 74-82-8 16.04246 CH,
13 |DOC Carbon Source Dissolved Organic Carbon N/A 30.02598 CH,0
14 | Tracer Conservative Tracer — N/A N/A N/A
15 |FE3 Ferric Hydroxide ¥ron hydroxide; ferric iron; 1309-33-7 | 106.86702 | Fe(OH)s
(amorphous) iron (III)

that may use the same abbreviation in other reaction modules.

CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)
Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].
Dissolved organic carbon is represented by a simple hydrocarbon (based on the generic formula for an organic

These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals

compound of C,H,,0, with n=1). Concentration of actual dissolved organic carbon must be converted to this
basis for this reaction module.
N/A — Not Applicable
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a Above the indicated pE range, the rates rapidly diminish to zero. The pE range was selected to
represent when the reduction of the indicated electron acceptor is active.

b Aerobic degradation results in mineralization of the contaminants (no daughter contaminants formed).

¢ Fe3* is modelled as amorphous ferric hydroxide to calculate the redox conditions.

Figure 30. Conceptual Model for the Dechlorination Reactions of the Redox-Linked
Dechlorination of Chloroethenes Reaction Module

The conceptual model considers the rate of dechlorination or aerobic degradation as a function of
the oxidation-reduction potential (at a fixed pH of 7) as controlled by key redox species that are
commonly measured. These redox species also indicate the classes of microbial processes in the
subsurface that are important for dechlorination or contaminant degradation reactions. The
aerobic redox condition and associated degradation reactions are indicated sufficiently by the
concentration of oxygen. When oxygen concentration is very low or oxygen is absent, anaerobic
redox is divided into four different conditions. If nitrate is present at some location within the
model domain, all other anaerobic reactions at that location are inhibited based on a user-
specified inhibition coefficient. If nitrate is not present or has been depleted below the inhibitory
level, anaerobic dechlorination can proceed at rates depending on the dominant electron acceptor
process. The dominant electron acceptor process is defined by the relative concentrations of the
redox couples shown in Figure 30. For iron, the redox potential is only a function of the ferrous
iron concentration because ferric iron is only present as a solid. Ferric iron concentration are
only important if the user desires to track changes in redox couples as impacted through
oxidation by oxygen or through reduction by a carbon source. The sulfur redox potential is
defined by the relative concentrations of sulfate and hydrosulfide (or dissolved sulfide converted
to the equivalent hydrosulfide concentration based on the pH). The lowest possible redox
potential occurs when methane is being produced. This redox couple uses a fixed dissolved CO,
concentration in the reaction module such that the redox potential only varies as a function of the
methane concentration. The module calculates the redox potential for each anaerobic redox
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couple and the redox potential is set to the minimum value calculated for the three couples.
Based on this minimum calculated redox potential, the module calculates dechlorination rates
with the user-defined dechlorination rate coefficient associated with the redox range listed in
Figure 30.

7.2 Reaction Equations

The basic functionality of this reaction module is described in this section for the 15 chemical
species in Table 36. See Table 38 for a detailed itemization of all reaction parameters used in
this reaction module.

The user must input a flag value to define the simulation as having static redox conditions or
varying redox conditions. Static redox conditions may be useful if a user would like to
interpolate available geochemical data and then let the module compute the distribution of
related reaction rates. This rate distribution would then be used throughout the timeframe of the
simulations. Use of static conditions may be suitable if it is unlikely that there will be significant
changes in geochemical conditions over the duration of the simulation. By setting the flag to a
value of "1" for static redox conditions, the reaction module computes the reaction rates in the
first time step of the simulation based on the concentration distribution at the first time step
(nominally the initial conditions). The module then holds these reaction rates constant
throughout the simulation time period, though the rates will be spatially variable according to the
input distribution of redox indicators. The module also sets the concentration of the redox
indicators to zero after the first time step so that transport of these species is not tracked. By
setting the flag to a value of "0" for varying redox conditions, the reaction module uses the full
set of reactions described below at each time step to determine the dechlorination rates and
associated concentration changes for each time step in the simulation.

If oxygen is present, the module first uses instantaneous (equilibrium) stoichiometric reactions
(Equations 85 to 88) to deplete oxygen by sequential reaction with dissolved DOC, FE2, HS,
and/or CH4 to the point where either all oxygen is consumed or all of these compounds are
consumed. The initial concentrations (denoted as [Species]) for DOC, FE2, HS, CH4, and OXY
are reduced to the post-oxidation concentrations [Species]ox, which are used in the subsequent
pE and dechlorination rate calculations.

1CH,0 + 10, = 1CO, + 1 H,0 (85)
4Fe”" + S8OH + 2H,0 + 10, = 4Fe(OH); (86)
1HS + 10H + 20, = 1504 + 1H0 (87)
1CH; + 20, » 1CO, + 2H,0 (88)
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The initial oxygen concentration (prior to any oxidation reactions) inhibits anaerobic
dechlorination reactions, as does the nitrate concentration (Equations 89 and 90). Oxygen must
be present after the oxidation reactions for aerobic degradation of DCE isomers and VC to occur,
which is enforced using the Monod term in Equation 91. However, the module does not consider
consumption of oxygen during DCE isomer or VC oxidation.

k,
Oxylnhib = | ———2>——
xylnhi [kio 1[0 J (89)
Nitlnhib = L 90
~\ k,, +[NIT] (90)
[OXY]
OxyPromo = | —————2e__
Xyrromo (KOZ-F[O ],,XJ (91)

If the initial oxygen concentration is greater than 0.1 mg/L, then reduction of electron acceptors
is not allowed in the same transport time step where they just underwent oxidization (i.e., rates of
electron acceptor reduction are set to zero). If the initial oxygen concentration in a transport time
step is less than 0.1 mg/L, then electron acceptors will undergo reduction at a rate depending on
the electron acceptor and DOC concentration and inhibited by the initial oxygen concentration.
Electron acceptors are sequentially inhibited based on 10% of the Monod half-saturation
coefficient for nitrate and the Monod half-saturation coefficients for iron and sulfate. The DOC
Monod half-saturation coefficient is defined as 1.0 E-4 mol/L for nitrate, iron, and sulfate and as
1.0 E-5 mol/L for methane. Equations 92 through 95 define the rates of electron acceptor
reduction when the initial oxygen concentration is less than 0.1 mg/L.

[NIT] j ‘ [ [DOC],,

- OxyInhib
K, +[NIT]) (107 +[D0C]OXJ R (92)

Pnr = Ky (

[FE3],
Yeps = Kpgs [

[DOC],, 0.1-K
- OxyInhib - :
K, +[FE3 j i [ j (93)

10 4 [DOC] 0.1-K, +[NIT]

[DOC],,
107 + DOC

[SO4], [DOC], ) 0.1-K K,
=k, - - OxyInhib - : : ‘
s04 = Hso1 (K +[S04], J (10 +[DOC],, ] R [O.I-K,,+[N1T]] {K/.+[FE3]OXJ (94)

0.1-K K K
. . Oxylnhib - : | S
Tens = Heny [ R (0 1-K, + [NIT]] [K.f + [FE3]0XJ (KS * [SO4]”X] o)
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Three redox couples are represented in this reaction module:

. Fe iron (ferrous iron / amorphous ferric hydroxide)
S sulfur (sulfate / hydrosulfide)
C methane (methane / CO;)

w =

The redox potential (pE) of a redox couple is calculated from the Nernst equation (Equation 96)
using the number of electrons transferred (N,) and the product of the reactant species
concentrations to the power of the respective stoichiometric coefficients (b;) divided by the
product of the product species concentrations to the power of the respective stoichiometric
coefficients (b;) [Drever, 1988]. Assuming dilute aqueous solution, species concentrations are
used in place of chemical activities. For solid species (e.g., Fe(OH)3 ), the chemical activity is
taken as 1.0. Equation 97 [Drever, 1988] is used to calculate the pE° at standard conditions
(298.15 K, 1 atm, and unit activity) based on tabulated values of AG® (R is the gas constant,
equal to 8.314472 I'-K'mol™). Free energies for the species important to the three redox couples
of interest are given in Table 37. The reactions for these three redox couples are listed in
Equations 98 to 100 along with calculated values for the terms of the pE® equation. The pE for
each anaerobic redox couple is thus calculated for a pH of 7 (i.e., [H] = 107 mol/L) using
Equations 101 to 103 (substituting in pE® values). These equations assume that the system is
well buffered, thus the pH is constant and the concentration of CO, is constant at a value of
0.001 mol/L. At a very low concentration of a reduced species (FE2, HS, or CH4), the pE is set
to an arbitrarily high value of 8.0 to prevent numerical problems. To avoid dealing with negative
pE numbers in this reaction module, the pE values are shifted upwards by 10 units to obtain pE'
(i.e., pE' = pE +10). The dominant redox couple is determined as the minimum of these three pE'
values (Equation 104).

# reactants

bi
1 [reactant,.]
pE = pE° + N Log,| 5 p,:1 (96)

roducts

¢ H [product ; ]bf

(97)
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shown in Figure 31.

Table 37. Free Energy for Chemical Species of Interest [Drever, 1988]

Chemical Species AG® (kJ)

H,0 -237.13

Fe(OH); -696.5
Fe*' -85.35
S0, -744.53
HS™ 12.08
CO, -394.36
CH,4 -50.72

In(Keg)) Ne | PE°
1 Fe(OH); + 1e + 3 H = 1Fe*" + 3 H,O 40.5 1 17.57
180, + 8¢ + 9H = 1HS + 4H,0 775 | 8 | 4.20
1CO, + 8¢ + 8H = 1CHs + 2H,0 5271 8 | 286
10721
pE, =17.57 + LOglO[[FEZ] j (for FE2 > 107 mol/L; pEr = 8.0 otherwise)
-63
pEs =420 + (éj : LO&OE%} (for HS > 107 mol/L; pEs = 8.0 otherwise)
-56
pE. =2.86 + (%} - Log,, (%j (for CH4 > 107 mol/L; pE¢ = 8.0 otherwise)

pE;ominant = Mlnlmum(pE;” pE; ’ pEé)

85

(98)
(99)

(100)

(101)

(102)

(103)

(104)

As the pE' value for an aqueous solution decreases, the redox conditions are controlled by the
iron, sulfur, and methane couples beginning at pE' values of 11.57, 6.58, and 6.11, respectively.
Based on the dominant redox couple (i.e., pE'qominant), fractional activities (pctFe, pctS, and pctC
for iron, sulfur, and methane, respectively) are determined for each redox couple from the curves
"Fractional activities" (not to be confused with chemical activity) are
assigned as values from 0.0 to 1.0 and are multipliers on the reaction rates (as discussed below).
For a fractional activity of 1.0, the regime is fully active. When multiple regimes are active, only
the leftmost regime on the pE' scale is allowed to impact the dechlorination rates (except in



transition zones, which are small). A sigmoidal function is used to provide a smooth (albeit
steep) transition at the control points instead of using a step function (i.e., if/then logic).
Sigmoidal function parameters (steepness and inflection point) were selected based on a 0.1 pE'
unit change (i.e., the transition zone) where the fractional activity value changes from 0.0 to 1.0.

10 | | | | ; ; :
gosy | | S I
.2 I I I I I I I
o 1 Sulfate 1 1 1 Iron 1
<_‘: 0.6 1 ‘ Reducing [ [ [ Reducing [
g Methanogenesis | | | | | |
S04 R R
“5 | | | | | | |
o | | | | | | |
L 02’ | | | | | | |
0.0 | l ; ; ; ; ;
5 6 7 8 9 10 11 12
pE' (= pE+ 10)

Figure 31. pE Value (On a Shifted Scale) at Which Each Anaerobic Dechlorination Mechanism
Dominates

Anaerobic dechlorination rates are calculated based on the contaminant concentration, the
inhibition from oxygen and nitrate, and the user-defined dechlorination rate coefficient
associated with the dominant redox couple. Equations 105 to 110 describe the anaerobic
dechlorination rates. These equations are implemented such that the dechlorination rates for only
one redox regime apply (except in the small transition zone windows, where multiple regimes
may apply at less than full activity). For example, at a pE’jominant Value of 6.5, the fractional
activities from Figure 31 for iron, sulfur, and methane, respectively, are 1.0, 1.0, and 0.0. The
dechlorination rate in this example is that for sulfate (kang + kang — kang, + 0.0 = kang)

ran p-; = [PCE]- OxyInhib - NitInhib
pee =1 ).

105
. (kan peE re " PCUFeE + (kan pee s — kanpep g, ) petS + (kan pee ¢ — Kanpeg g ) pctC ) ( )
ran;, =[TCE]- Oxylnhib - NitInhib
s \Kangcp g, - petre + \Kahgep g — Kahpep g, ) PO +\Kanpep ¢ — Kangep ¢ )+ pet
ki F ki ki S + |k ki C (106)
ran o, =[cDCE]- Oxylnhib - NitInhib
“\kan peg g - petrre +\kan pop ¢ — Kan pog g, )+ pCtS +\kan pop ¢ — Kan pep 5 )+ pet
ki F ki ki S + |k ki C (107)
ran pop = [tDCEY - Oxylnhib - Nitlnhib
DCE (108)

) (kanzDCEje - pctFe + (kantDCE} - ka”zDCEje ) petS + (kantDCEfC - kantDCEﬁS ) pct C)
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ran,;pcp = [11DCE]- OxyInhib - NitInhib

’ (ka”uDCEje - pctle + (kanllDCE75 - ka”uDCEje ) petS + (ka”uDCEp - ka”uDCEfs ) pctC)

(109)

ran,. =[VC]- OxyInhib - Nitlnhib
. (kan,,C_Fe - pctFe + (kan ves — kan VC_Fe ) pctS + (kan,,c_c — kan,,c_s ) pctC ) (110)

The set of differential equations describing the reaction kinetics for all species is given in
Equations 111 through 125.

d[PCE]

Tz—ranPCE (111)

dlTCE] = —ran,.p + ranpqg (112)
dt

% = —ran pep + rangeg - Focy, = kae e, - OxyPromo - [¢DCE] (113)

@ = —ranpcg; + rangeg - Foey, = kaepe; - OxyPromo - [tDCE] (114)

% = —ran,pep + ranq - F”D“/m — kae,,pc; - OxyPromo -[11DCE] (115)

d[:;c] = —ranyc + ranpeg - Figy +ranpeg - Fio, +rangpe - Fro, = kaey. - OxyPromo - [VC] (116)

(Oxygen is consumed by equilibrium oxidation reactions, but kinetic

d[OXY ] =0.0 consumption of oxygen during DCE or VC biodegradation is not tracked ( 1 17)
dt ’ because those are modeled as first-order processes.)

d[NIT] _ ~Fyy - [NIT] (118)
dt

d[FE2

[ I Teps * [FE3],, (119)

dt

d[SO4] _ —re, - [SO4],, (120)
dt

d[HS]

Ta = Iy, - [SO4],, (121)
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d[CH4]

A _ (122)

% = ~Fyr * Foogy [NIT,, = gy * Foogy - [FE3),, = 1, + Frag, -[SO4],, (123)

d[Tracer] _ (Conservative [non-reactive] tracer.) (124)
dt

A o, 13, (125)

7.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D
manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 39 reaction
parameters that must be specified for this reaction module are listed in Table 38 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).

Table 38. Input Parameters for the Redox-Linked Dechlorination of Chloroethenes
Reaction Module

D Fortran . Ay
4 Parameter Variable Units Description

Value to signify whether the redox-dependant dechlorination
rates are to be held constant (static) after an initial
determination (1) or if the spatial distribution of redox
conditions will be allowed to vary over time (0).

1 IsStatic | IsStatic --

Molar stoichiometry of conversion from TCE to ¢cDCE (based

2 Fooes f t mol/mol . . )
P Yce _cdoe_tce ol/mo on site specific observation)

Molar stoichiometry of conversion from TCE to tDCE (based
on site specific observation)

3 EDC%_CE f tdce tce mol/mol

Molar stoichiometry of conversion from TCE to 11DCE (based

4 Fum/ f 11dce tce mol/mol . ) .
e - - on site specific observation)

Molar stoichiometry of conversion from cDCE to VC (based on

5 Fvc/ ‘ f vc_cdce mol/mol . . .
eDCE - = site specific observation)

Molar stoichiometry of conversion from tDCE to VC (based on
site specific observation)

6 FL%CE f ve_tdce mol/mol
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Table 38. (contd)

D Fortran
Parameter . Units Description
# Variable P
Molar stoichiometry of conversion from 11DCE to VC (based
7 v, f vc_1ldce mol/mol . . .
I1pcE - = on site specific observation)
] Ko Ko2 mg/L Monod half—.satl%ratlon cgefﬁment for oxygen as part of aerobic
dechlorination reactions
9 K, Kn mg/L | Monod half-saturation coefficient for nitrate reduction
10 K Kf mg/L | Monod half-saturation coefficient for iron reduction
11 s Ks mg/L. | Monod half-saturation coefficient for sulfate reduction
12 k; kio mg/L | Inhibition coefficient for oxygen on anaerobic activity
13 k; kin mg/L | Inhibition coefficient for nitrate on anaerobic activity
First-order decay coefficient for anaerobic dechlorination of
14| kanp re | kan_pee_Fe 1/day PCE under iron dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
15 kanye s | kan_pce_S 1/day PCE under sulfur dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
16| kane; o | kan_pee C 1/day PCE under methane dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
17 kanycs r. | kan_toe_Fe 1/day TCE under iron dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
18 kanes s | kan_tce_ S 1/day TCE under sulfur dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
19| kan ¢ | kan_tee C 1/day TCE under methane dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
20 | kaneoee e | kan_cdce_Fe 1/day ¢DCE under iron dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
211 kancoes s | kan_cdee S 1/day ¢DCE under sulfur dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
22| kanepes o | kan_cdee C 1/day ¢DCE under methane dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
23| kamper re | kan_tdee_Fe 1/day tDCE under iron dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
24 | kampes s | kan_tdee S 1/day tDCE under sulfur dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
25| kampc; ¢ | kan_tdee C 1/day tDCE under methane dominated redox potential
First-order decay coefficient for anaerobic dechlorination of
26 | kanyipcs re | kan_lldce Fe 1/day 11DCE under iron dominated redox potential
27 | kanjper s |kan_1ldce S 1/day First-order decay coefficient for anaerobic dechlorination of

11DCE under sulfur dominated redox potential
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Table 38. (contd)

D Fortran
Parameter Units Description
# Variable P
First-order decay coefficient for anaerobic dechlorination of
28 | kanyipc o | kan_Ildce C 1/day 11DCE under methane dominated redox potential
29 kan,e v kan ve Fe 1/day First-order .decay c0§fﬁc1ent for anaeroplc dechlorination of VC
- - - under iron dominated redox potential
First-order decay coefficient for anaerobic dechlorination of VC
30 kanycs | kan_ve_S 1/day under sulfur dominated redox potential
First-order decay coefficient for anaerobic dechlorination of VC
31 kanyc ¢ kan_ve_C 1/day under methane dominated redox potential
First-order decay coefficient for aerobic dechlorination of
32 kae.pcx kae cdce 1/day cis-1.2-DCE
First-order decay coefficient for aerobic dechlorination of
33 kaepex kae tdce 1/day trans-1,2-DCE
34 ke ipes kae 11dce 1/day First-order decay coefficient for aerobic dechlorination of
- 1,1-DCE
35 kae, kae vc 1/day | First-order decay coefficient for acrobic dechlorination of VC
36 knir kNit 1/day | Maximum rate of nitrate reduction
37 kers kFe3 1/day | Maximum rate of iron reduction
38 ksoq kSO4 1/day | Maximum rate of sulfate reduction
39 Mcry uCH4 mg/day | Maximum rate of methane production

7.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Tables 39 and 40. These parameters

are arbitrary values and are not directly related to any specific laboratory data.

Site-specific

values would need to be determined as part of a calibration process. Results for these example
batch simulations are shown in the Figures 32 through 35, respectively.
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Table 39. Parameter Values for Example Simulations 1 and 2 with the Redox-Linked
Dechlorination of Chloroethenes Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 IsStatic 0 -- 21 |kan cdce S 0.0045 1/day
2 f cdce tce 1 mol/mol 22 |[kan cdce C 0.005 1/day
3 f tdce tce 0 mol/mol 23 | kan tdce Fe 0 1/day
4 f 11dce tce 0 mol/mol 24 | kan tdce S 0 1/day
5 f vc cdce 1 mol/mol 25 | kan tdce C 0 1/day
6 f vc tdce 1 mol/mol 26 | kan 1ldce Fe 0 1/day
7 f ve 1ldce 1 mol/mol 27 |kan 1ldce S 0 1/day
8 Ko2 0.5 mg/L 28 |kan 1ldce C 0 1/day
9 Kn 0.5 mg/L 29 |[kan vc Fe 0.001 1/day
10 |Kf 0.05 mg/L 30 |kan vc S 0.0005 1/day
11 [Ks 0.1 mg/L 31 |kan vc C 0.0005 1/day
12 | kio 0.1 mg/L 32 | kae cdce 0.01 1/day
13 | kin 1 mg/L 33 | kae tdce 0 1/day
14 | kan pce Fe 0.0005 1/day 34 | kae 1ldce 0 1/day
15 |[kan pce S 0.001 1/day 35 | kae vc 0.01 1/day
16 |kan pce C 0.005 1/day 36 | kNit 0 1/day
17 | kan tce Fe 0.001 1/day 37 | kFe3 0 1/day
18 |kan tce S 0.001 1/day 38 | kSO4 0 1/day
19 |[kan tce C 0.004 1/day 39 | uCH4 0 mg/day

20 | kan cdce Fe 0.004 1/day

Table 40. Parameter Values for Example Simulations 3 and 4 with the Redox-Linked
Dechlorination of Chloroethenes Reaction Module

ID # | Fortran Variable Value Units ID # | Fortran Variable Value Units
1 IsStatic 0 -- 21 | kan cdce S 0.0045 1/day
2 f cdce tce 1 mol/mol 22 |[kan cdce C 0.005 1/day
3 f tdce tce 0 mol/mol 23 | kan tdce Fe 0 1/day
4 f 11dce tce 0 mol/mol 24 | kan tdce S 0 1/day
5 f vc cdce 1 mol/mol 25 |kan tdce C 0 1/day
6 f vc tdce 1 mol/mol 26 |kan 1ldce Fe 0 1/day
7 f ve 1ldce 1 mol/mol 27 |kan 1ldce S 0 1/day
8 Ko2 0.5 mg/L 28 |kan 1ldce C 0 1/day
9 Kn 0.5 mg/L 29 |[kan vc Fe 0.001 1/day
10 |Kf 0.05 mg/L 30 |kan vc S 0.0005 1/day
11 [Ks 0.1 mg/L 31 |kan vc C 0.0005 1/day
12 | kio 0.1 mg/L 32 | kae cdce 0.01 1/day
13 | kin 1 mg/L 33 | kae tdce 0 1/day
14 | kan pce Fe 0.0005 1/day 34 | kae 1ldce 0 1/day
15 |[kan pce S 0.001 1/day 35 | kae vc 0.01 1/day
16 |kan pce C 0.005 1/day 36 | kNit 0.1 1/day
17 | kan tce Fe 0.001 1/day 37 | kFe3 0.1 1/day
18 |kan tce S 0.001 1/day 38 | kSO4 0.1 1/day
19 |[kan tce C 0.004 1/day 39 | uCH4 0.1 mg/day

20 | kan cdce Fe 0.004 1/day
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Figure 32. Example Simulation 1: Dechlorination of PCE and TCE Using the Parameter
Values Shown in Table 39 — The initial concentration for PCE, TCE, and methane
were 1, 0.25, and 1 mg/L, respectively. All other species concentrations started at
zero. Note that the concentrations of redox species remain constant in this
simulation. Figure (a) shows chlorinated solvent concentration. Figure (b) shows
the concentration of other species.

92



12
14
g 0.8 — PCE
> —_—
£ TCE
= ¢DCE (a)
£ o6 tDCE
S
g —— DCE11
g —VC
8 04
0.2 1
0
0 50 100 150 200 250 300 350 400 450 500
Time (day)
Nitr Fe2 S04
12 ————HS Fe3 Oxy 6
———CH4 DoC tracer
1 5
3 3
j=2 o
E 08 4 E
3 5]
3 3 b
g =| (b)
T 06 39
:
i 3
> I
ﬁ'Li 0.4 2 o
o >
£ X
z o
0.2 1
0 t 0
0 50 100 150 200 250 300 350 400 450 500
Time (day)

Figure 33. Example Simulation 2: Dechlorination of ¢cDCE and VC Using the Parameter
Values Shown in Table 39 — The initial concentration for cDCE, VC, oxygen, and
nitrate were 1, 0.5, 5, and 1 mg/L, respectively. All other species concentrations
started at zero. Note that the concentrations of redox species remain constant in this
simulation. Figure (a) shows chlorinated solvent concentration. Figure (b) shows
the concentration of other species.
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Figure 34. Example Simulation 3: Dechlorination of PCE and TCE Using the Parameter
Values Shown in Table 40 — The initial concentration for PCE, TCE, oxygen,
nitrate, sulfate, dissolved organic carbon, and iron(Ill) were 1, 0.25, 4, 4, 4, 10, and
1 mg/L, respectively. All other species concentrations started at zero. Note that the
concentrations of redox species vary in this simulation according to oxidation
processes and the reduction rate input parameters. Figure (a) shows chlorinated
solvent concentration. Figure (b) shows the concentration of other species.
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Figure 35. Example Simulation 4: Dechlorination of PCE and TCE Using the Parameter

Values Shown in Table 40 — The initial concentration for PCE, TCE, sulfate,
dissolved organic carbon, and iron(lll) were 1, 0.25, 100, 10, and 1 mg/L,

respectively. All other species concentrations started at zero.

Note that the

concentrations of redox species vary in this simulation according to oxidation
processes and the reduction rate input parameters. Figure (a) shows chlorinated
solvent concentration. Figure (b) shows the concentration of other species.

95



96



8.0 Substrate-Linked Reductive Dechlorination of
Chloroethenes

8.1 Conceptual Model for Dechlorination Reactions

This reaction module describes reductive dechlorination of chlorinated ethene compounds linked
to substrate metabolism (biostimulation) and corresponding biomass activity. The module
includes an explicit description of biomass growth in response to consumption of lactate,
propionate, acetate, hydrogen, and/or decaying biomass and separately models the metabolic
activity of methanogens and other anaerobes able to metabolize lactate fermentation products.
Both types of biomass will decay over time according to a user-specified decay rate. This
reaction module does not account for changes in porosity/permeability resulting from biomass
growth, although the total biomass is also tracked so that the modeler can assess the potential for
biological fouling of the aquifer. If required, macroscopic models for biomass-affected porous
media properties [Clement et al., 1996] could be combined with this module as a user-defined
reaction module to account for changes in porosity/permeability. All anaerobic activity is
inhibited by oxygen. Oxygen is depleted by lactate, propionate, or acetate through a
stoichiometric reaction. Biomass growth is modeled with a Monod kinetic form, is dependent on
substrate concentration, and is inhibited by high concentrations of organic acids. Reductive
dechlorination of chlorinated ethene compounds is dependent on the concentration of the
chlorinated ethene compound and methanogen biomass, and is inhibited by presence of higher-
chlorinated ethene compounds (e.g., TCE inhibits the DCE dechlorination rate). Aerobic
degradation of DCE and VC are modeled as first-order reactions (see the conceptual model
description of the Mixed Chloroethene/ Chloroethane/Chloromethane Dechlorination reaction
module for discussion on the assumption of first-order reaction kinetics).

The linkage of dechlorination to methanogenesis, similar to Skeen et al. [1995], is intended to
provide a simplified conceptual model representing dechlorinating activity under methanogenic
redox conditions, as an alternative to a detailed representation of all reaction mechanisms that
may be involved.

Table 41 lists the chemical species included in this reaction module. Figure 36 shows the
conceptual model describing the degradation reactions modeled in this reaction module.
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Table 41. Chemical Species Included in the Substrate-Linked Reductive Dechlorination of
Chloroethenes Reaction Module

CAS" Molecular .
No. | Abbreviation® Chemical Name Selected Alternate Registry Weight ¢ Chemical
Name Formula
Number (g/mol)
2-hydroxy-propanoic 113-21-3
1 |LAC Lactate acig (ion)y Prop (lactic acid: | 89.0700 | C3HsO;
50-21-5)
72-03-7
2 |PRO Propionate Propanoic acid (ion) (pr:fil(;).mc 73.0706 C3Hs0,
79-09-4)
71-50-1
3 |ACE Acetate Acetic acid (ion) (acetic acid: 59.04402 | C,H;0,
64-19-7)
4 |H2 Hydrogen — 1333-74-0 2.01588 H,
5 |MET Methane — 74-82-8 16.04246 CH,
6 |PCE Tetrachloroethene Perchloroethylene 127-18-4 165.83340 C,Cly
7 |TCE Trichloroethene Trichloroethylene 79-01-6 131.38834 | C,HCI,
8 |DCE Dichlorocthene (all Dichloroethylene 156-59-2 | 96.94328 | C,H,Cl,
isomers)
9 |VC Chloroethene Vinyl Chloride 75-01-4 62.49822 C,H;Cl
10 |ETH Ethene ethylene 74-85-1 28.05316 C,Hy
11 |OXY Oxygen (dimer) dissolved oxygen 7782-44-7 31.9988 0,
12 | Tracer Conservative Tracer — N/A N/A N/A
13 |Biol Fermentors — N/A 113.11458 | CsH,O,N
14 |Bio2 Methanogens — N/A 113.11458 | CsH,O,N
15 |BioT Total Biomass — N/A 113.11458 | CsH,O,N

* These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals

that may use the same abbreviation in other reaction modules.
® CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)
¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].

N/A — Not Applicable
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Fermentation Methanogenesis|Reductive Direct
(anaerobic) (anaerobic) Dechlorination Metabolism
(anaerobic) (aerobic)

Methane

Propionate

Innocuous

Lactate Products

Ethene

Figure 36. Conceptual Model for the Reductive Dechlorination Reactions of the Substrate-
Linked Reductive Dechlorination of Chloroethenes Reaction Module

8.2 Reaction Equations

The basic functioning of this reaction module is described in this section for the 15 chemical
species in Table 41. See Table 42 for a detailed itemization of all reaction parameters used in
this reaction module.

If oxygen is present, the module first uses instantaneous (equilibrium) stoichiometric reactions
(Equations 126 to 128) to deplete oxygen by reaction with the organic acids. The module has
provisions to sequentially oxidize organic acids in the order of lactate, propionate, and acetate to
the point where either all oxygen is consumed or all organic acids are consumed. The initial
concentrations for lactate, propionate, acetate, and oxygen [Species] are reduced to the post-
oxidation concentrations [Species]ox, Which are used in the subsequent biomass growth and
dechlorination rate calculations. The sum of the residual lactate, propionate, and acetate is
calculated as the organic acid concentration [OrgAcid], which is used in the determination of the
organic acid inhibition term. Oxygen, [OXY]ox, inhibits anaerobic reactions and also must be
present for aerobic degradation of DCE and VC. However, the module does not consider
consumption of oxygen during DCE or VC oxidation.
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1 C3Hs05” + 1H' + 30, = 3CO, + 3 H,0 (126)
2C3Hs0, + 2H' + 70, = 6CO, + 6 Hy0 (127)

1CH;0, + 1H  + 20, = 2CO, + 2H,0 (128)

Inhibition of biomass growth because of the presence of oxygen (InhibOxy) and organic acids
(InhibOA1 and InhibOA2 for Biol and Bio2, respectively) is calculated based on a sigmoidal
function. When the relevant concentration ([OXY ]ox or [OrgAcid]) is at 90% of the inhibition
coefficient value (kj,, ki;, or ki), the inhibition term is equal to a value of 1.0. When the
relevant concentration is at 110% of the inhibition coefficient value, then the fractional inhibition
term has a value of 0.0. The fractional inhibition terms follow a sigmoidal functionality between
those points, as shown in Figure 37. Conversely, the PromoOxy term acts in the opposite
manner to allow aerobic reactions at concentrations above the value of kj,. The biomass decay
rate is attenuated as the biomass concentration approaches the minimum in a similar manner by
setting the fye.; and fye, fractional terms for Biol and Bio2, respectively, to 0.0 at the minimum
biomass concentration and to 1.0 at 120% of the minimum biomass concentration.

10% of P

20% of P

0.8 1

0.9 - :
(.

0.7 4
0.6 1
0.5

Fraction

0.4 4
0.3
0.2 4

I InhibOxy, InhibOA 1, InhibOA2
PromoOxy

- - fdecl ' fdecZ

0.1

A
Corresponding
Parameter Arbitrary Concentration L
Value, P

Figure 37. Conceptual Diagram of the Behavior of the Function Representing a Change in
Conditions as a Smooth Transition in the Form of a Sigmoidal Curve — This
diagram depicts the trend for the various groups of parameters, the actual curves
will be shifted on the X-axis based on the corresponding target concentration.

Monod growth kinetics with inhibition by oxygen and organic acids are used to compute growth
of fermentors (Biol) and methanogens (Bio2) for the different potential substrates (Equations
129 through 134).
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. [Lac],, . .
n =y, -[Biol]- (mJ - InhibOxy - InhibOA1 (129)
. [Pro],, . .
ro= M, [Biol] - (MJ - InhibOxy - InhibOA1 (130)
r,o= -[Bio2] - _ [dcel, ). InhibOxy - InhibOA2 (131)
3 = Ha K, +[Ace],, 7
. [H2] : .
1’4 = yhz . [3102] . (m] . InhlbOxy . InhlbOAZ (132)
ro= -[Biol] - _ ldeel, |, InhibOxy - InhibOA1 (133)
s 7 Ha K, +[Ace], 4
. [H2] . .
v, = W, -[Biol]- mj - InhibOxy - InhibOA1 (134)

Equations 135 through 149 describe the rate of concentration change for each chemical species.
These equations include the consumption/transformation/production based on the biomass
growth, oxidation of the organic acids, biomass decay, and aerobic destruction of lesser-
chlorinated ethenes. Aerobic degradation of DCE and VC only occurs in the presence of oxygen
(if sufficient oxygen remains after oxidation of organic acids) and is modeled as a first-order
process (see the conceptual model description of the Mixed Chloroethene/
Chloroethane/Chloromethane Dechlorination reaction module for discussion on the assumption
of first-order reaction kinetics). A fraction of the decayed biomass is assumed to be converted to
acetate, which is then available to support biomass growth. Anaerobic dechlorination of TCE,
DCE, and VC are inhibited by the presence of higher-chlorinated ethene species proportional to
the ratio of the species to the sum of the species plus all higher-chlorinated species.

d[LAC] ( | J
i (135)
di F.,.
d[PRO] _ [ Fumg, | 1
dt o [ FX%.AC " FX%’R() ( 1 36)
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ACE, F4CE
dlACE] _ Fiay, Y 7% IO 0 S Y
dt ny Ixy Ixy IXy
LAC PRO ACE ACE (137)

+ F"C‘%( ' fdeace : (fdecl : kdecl : [BZOI] + fdecZ : kdecZ ' [3102])

d[H?2 Fy, Fy, 1 1
[d ]ZH.EF/LACJHZ,[F_AM}_Q.[F J_”'EF } (138)
d[MET Fuu Fury
[MET] —qq = | e |y | e (139)
dt FX%{CE FX%H

dIPCE] _ .| /[ﬂj (140)

dt K, +[PCE]

dIICE] _ 0. | IPCE] ) (__ITCE] \ (__ [ICE]
dt =499 |:FPCE/MET [KPCE +[PCE]j FTCE/MET (KTCE +[TCE]j ([PCE]+[TCE]jj| (141)

d[DCE] [TCE] [TCE]
a9 P\ ko] ) | [PCE) + 17CE]

Cgq-Fa, [—IPCEL_)(___[bCE) e
W70 "\ Ky + [DCE] ) \[PCE] + [TCE] + [DCE]

— kae,, - [DCE]- PromoOxy

dvey] T . [DCE] ' [DCE]
a1, K, +[DCE]) \[PCE]+[TCE]+[DCE]

( [VC] J ( [VC] j (143)
- qq-Fo - I .

o +VC]) \[PCE]+[TCE]+[DCE]+[VC]
— kae,. -[VC]- PromoOxy

d[ETH] (el Vel
—a =99 Iy [KVCJF[VCJ ([PCE]+[TCE]+[DCE]+[VC]j (144)
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d[OXY]

——=0.0

dt

d[Tracer]
dt

d[ Biol]
dt

d[Bio2]

=0.0

(Oxygen is consumed by equilibrium oxidation reactions, but kinetic
consumption of oxygen during DCE or VC biodegradation is not tracked
because those are modeled as first-order processes.)

(Conservative [non-reactive] tracer.)

———— =1+ 1~ faeer * Kgoer - [Bi02]

dt

d[BioT]
dt

8.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D

manual and addendum [Clement, 1997; Clement and Johnson, 2002].

:7"2 +7"5 +l"1 +7"7 _fdecl 'kdecl [BZOI]

= 7”2 +7"5 +l"1 +l"7 +7"3 +7"4 _fdecl 'kdecl '[BiOI]_fdeCZ 'kdec2 [Bloz]

(145)

(146)

(147)

(148)

(149)

The 44 reaction

parameters that must be specified for this reaction module are listed in Table 42 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).

Table 42. Input Parameters for the Substrate-Linked Reductive Dechlorination of Chloroethenes

Reaction Module
I:? Parameter \lj;);g;;le Units Description
1 | Biol,, minbiol mg-DW/L | Minimum (background) biomass concentration for “fermentors”
2 | Bio2,n minbio2 mg-DW/L | Minimum (background) biomass concentration for methanogens
3 | kdoes kdecl 1/day First-order decay rate for biomass]
4 | kjocr kdec2 1/day First-order decay rate for biomass2
5 | uu ull 1/day Maximum growth rate for biomass 1 on lactate
6 | Hpi upl 1/day Maximum growth rate for biomass 1 on propionate
T | taz ua2 1/day Maximum growth rate for biomass 2 on acetate
8 | tn2 uh2 1/day Maximum growth rate for biomass 2 on hydrogen
9 | tar ual 1/day Maximum growth rate for biomass 1 on acetate
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Table 42. (contd)

ID Fortran
P t Unit D ipti

4 arameter | nits escription

10 | wn uhl 1/day Maximum growth rate for biomass 1 on hydrogen

11 | & kil mg/L Inhibition coefficient for organic acids on biomass 1

12 | ki» ki2 mg/L Inhibition coefficient for organic acids on biomass 2

13 | & kio mg/L Inhibition coefficient for oxygen on anaerobic activity

14 | K, Kil mg/L Monod half-saturation coefficient for “fermentor” growth on
lactate

15 | K, Kpl mg/L Monod hglf—saturahon coefficient for “fermentor” growth on
propionate

16 | K, Ka2 mg/L Monod half-saturation coefficient for methanogen growth on
acetate

17 | K, Kh2 mg/L Monod half-saturation coefficient for methanogen growth on
hydrogen

18 |k, Kal mg/L Monod half-saturation coefficient for “fermentor” growth on
acetate

19 | &, Khl mg/L Monod half-saturation coefficient for “fermentor” growth on
hydrogen

20 | Kpcg Kpce mg/L Monod half-saturation coefficient for PCE dechlorination

21 | Kreg Ktce mg/L Monod half-saturation coefficient for TCE dechlorination

22 | Kpce Kdce mg/L Monod half-saturation coefficient for DCE dechlorination

23 | Kye Kve mg/L Monod half-saturation coefficient for VC dechlorination

24 | furzace fdk2ace - Fraction of biomass that can decay to produce acetate

25 | F acy f ace x mol/mol | Moles of acetate formed per mole of biomass decayed

26 | F. X f x1 lac mol/mol | Moles of biomass1 formed per mole of lactate

27 | F. o f x1_pro mol/mol | Moles of biomass1 formed per mole of propionate

28 | F. XY o f x1_ace mol/mol | Moles of biomass1 formed per mole of acetate

29 | F Xy f x1_h2 mol/mol | Moles of biomass1 formed per mole of hydrogen

30 XY f x2 ace mol/mol | Moles of biomass2 formed per mole of acetate

31 | F Xy f x2 h2 mol/mol | Moles of biomass2 formed per mole of hydrogen

32 | F X f ace lac mol/mol | Moles of acetate formed per mole of lactate

33 | F XY, o f pro lac mol/mol | Moles of propionate formed per mole of lactate
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Table 42. (contd)

ID Fortran
Parameter Units Description

# Variable P

34 | F X f h2 lac mol/mol | Moles of hydrogen formed per mole of lactate

35 | F Xy f ace pro mol/mol | Moles of acetate formed per mole of propionate

36 | F Xy f h2 pro mol/mol | Moles of hydrogen formed per mole of propionate

37| F XY, e f met ace mol/mol | Moles of methane formed per mole of acetate

38 | F XY, o f met h2 mol/mol | Moles of methane formed per mole of hydrogen

39 s, f pce met mol/mol Molt?s of PCE dechlorinated per mole methanogenic biomass
A increase

40 | Fo - f tce met mol/mol Mole?s of TCE dechlorinated per mole methanogenic biomass
‘ increase

41 FDCE/MET f dee met mol/mol Molt?s of DCE dechlorinated per mole methanogenic biomass
A - = increase

4 o £ ve_met mol/mol Mole?s of VC dechlorinated per mole methanogenic biomass

(! increase
43 | kaepcg kae dce 1/day First-order decay coefficient for aerobic dechlorination of DCE
44 | kaeyc kae vc 1/day First-order decay coefficient for aerobic dechlorination of VC

8.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The

parameter values for each example simulation are listed in Tables 43 through 45.

These

parameters are arbitrary values and are not directly related to any specific laboratory data. Site-
specific values would need to be determined as part of a calibration process. Results for these
example batch simulations are shown in the Figures 38 through 42, respectively.
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Table 43. Parameter Values for Example Simulation 1 with the Substrate-Linked Reductive

Dechlorination of Chloroethenes Reaction Module

D # | Fortran Variable Value Units ID # | Fortran Variable Value Units

1 minbiol 0.5 mgDW/L | 23 |Kvc 10 mg/L
2 minbio2 0.05 mgDW/L | 24 | fdk2ace 0.2 -

3 kdecl 0.023 1/day 25 |f ace x 0.25 mol/mol
4 kdec2 0.002 1/day 26 |f x1 lac 0.05 mol/mol
5 ull 0.1 1/day 27 | f x1 pro 0.1 mol/mol
6 upl 0.01 1/day 28 | f x1 ace 0.1 mol/mol
7 | ua2 0.001 1/day 29 |fx1 h2 0.01 mol/mol
8 uh2 0.1 1/day 30 | f x2 ace 0.1 mol/mol
9 |ual 0.001 1/day 31 [fx2 h2 0.1 mol/mol
10 | uhl 0.001 1/day 32 | f ace lac 0.7 mol/mol
11 | kil 500 mg/L 33 | f pro_lac 0.4 mol/mol
12 | ki2 500 mg/L 34 | f h2 lac 0.1 mol/mol
13 | kio 0.1 mg/L 35 | f ace pro 1 mol/mol
14 |Kll 15 mg/L 36 | f h2 pro 3 mol/mol
15 |Kpl 15 mg/L 37 | f met ace 1 mol/mol
16 | Ka2 15 mg/L 38 | f met h2 0.25 mol/mol
17 [ Kh2 0.01 mg/L 39 | f pce met 0.4 mol/mol
18 [Kal 15 mg/L 40 |[f tce met 0.3 mol/mol
19 | Khl 0.1 mg/L 41 | f dce met 0.2 mol/mol
20 | Kpce 10 mg/L 42 | f vc_met 0.05 mol/mol
21 | Ktce 10 mg/L 43 [ kae dce 0.05 1/day
22 [ Kdce 10 mg/L 44 [ kae vc 0.05 1/day

106




Table 44. Parameter Values for Example Simulation 2 with the Substrate-Linked Reductive

Dechlorination of Chloroethenes Reaction Module

D # | Fortran Variable Value Units ID # | Fortran Variable Value Units

1 minbiol 0.5 mgDW/L | 23 |Kvc 10 mg/L
2 minbio2 0.05 mgDW/L | 24 | fdk2ace 0.2 -

3 kdecl 0.023 1/day 25 |f ace x 0.25 mol/mol
4 kdec2 0.002 1/day 26 |f x1 lac 0.05 mol/mol
5 ull 0.1 1/day 27 | f x1 pro 0.1 mol/mol
6 upl 0.01 1/day 28 | f x1 ace 0.1 mol/mol
7 ua2 0.001 1/day 29 |fx1 h2 0.01 mol/mol
8 uh2 0.1 1/day 30 | f x2 ace 0.1 mol/mol
9 ual 0.001 1/day 31 [fx2 h2 0.1 mol/mol
10 | uhl 0.001 1/day 32 | f ace lac 0.7 mol/mol
11 | kil 500 mg/L 33 | f pro_lac 0.4 mol/mol
12 | ki2 500 mg/L 34 | f h2 lac 0.1 mol/mol
13 | kio 0.1 mg/L 35 | f ace pro 1 mol/mol
14 |Kll 15 mg/L 36 | f h2 pro 3 mol/mol
15 |Kpl 15 mg/L 37 | f met ace 1 mol/mol
16 | Ka2 15 mg/L 38 | f met h2 0.25 mol/mol
17 [ Kh2 0.01 mg/L 39 | f pce met 0.4 mol/mol
18 [Kal 15 mg/L 40 |[f tce met 0.3 mol/mol
19 | Khl 0.1 mg/L 41 | f dce met 0.3 mol/mol
20 | Kpce 10 mg/L 42 | f vc_met 0.3 mol/mol
21 | Ktce 10 mg/L 43 [ kae dce 0.05 1/day
22 [ Kdce 10 mg/L 44 [ kae vc 0.05 1/day
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Table 45. Parameter Values for Example Simulation 3 with the Substrate-Linked Reductive

Dechlorination of Chloroethenes Reaction Module

D # | Fortran Variable Value Units ID # | Fortran Variable Value Units

1 minbiol 0.5 mgDW/L | 23 |Kvc 10 mg/L
2 minbio2 0.05 mgDW/L | 24 | fdk2ace 0.2 -

3 kdecl 0.023 1/day 25 |f ace x 0.25 mol/mol
4 kdec2 0.002 1/day 26 |f x1 lac 0.05 mol/mol
5 ull 0.05 1/day 27 | f x1 pro 0.1 mol/mol
6 upl 0.005 1/day 28 | f x1 ace 0.1 mol/mol
7 ua2 0.001 1/day 29 |fx1 h2 0.01 mol/mol
8 uh2 0.1 1/day 30 | f x2 ace 0.1 mol/mol
9 ual 0.0005 1/day 31 [fx2 h2 0.1 mol/mol
10 |uhl 0.0005 1/day 32 | f ace lac 0.7 mol/mol
11 | kil 500 mg/L 33 | f pro_lac 0.4 mol/mol
12 | ki2 500 mg/L 34 | f h2 lac 0.1 mol/mol
13 | kio 0.1 mg/L 35 | f ace pro 1 mol/mol
14 |Kll 15 mg/L 36 | f h2 pro 3 mol/mol
15 |Kpl 15 mg/L 37 | f met ace 1 mol/mol
16 | Ka2 15 mg/L 38 | f met h2 0.25 mol/mol
17 [ Kh2 0.01 mg/L 39 | f pce met 0.4 mol/mol
18 [Kal 15 mg/L 40 |[f tce met 0.3 mol/mol
19 | Khl 0.1 mg/L 41 | f dce met 0.2 mol/mol
20 | Kpce 10 mg/L 42 | f vc_met 0.05 mol/mol
21 | Ktce 10 mg/L 43 [ kae dce 0.05 1/day
22 [ Kdce 10 mg/L 44 [ kae vc 0.05 1/day
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Figure 38. Dechlorination of PCE Using the Parameter Values Shown in Table 43 — The initial
concentrations for PCE, lactate, oxygen, Biol, Bio2, and BioT were 1, 200, 8, 0.6,
0.06, 0.66 mg/L, respectively. All other species concentrations started at zero.

250 1.25
200 lactate 1

e prOpionate -
2 —cetae E}
g methane E
S 150 —+—fydrogen 075 5
o ®
Q i
N c
5 2
S 2
© o
£ 100 + +05 ©
= c
[} 9]
o o
S 2
o S
I

50 + + 0.25

0 50 100 150 200 250 300 350 400 450 500
Time (day)

Figure 39. Concentrations of Organic Acids, Hydrogen, and Methane During Dechlorination of
PCE Using the Parameter Values Shown in Table 43 — The initial concentrations
for PCE, lactate, oxygen, Biol, Bio2, and BioT were 1, 200, 8, 0.6, 0.06, 0.66 mg/L,
respectively. All other species concentrations started at zero.
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Figure40. Dechlorination of PCE Using the Parameter Values Shown in Table 44 — The initial
concentrations for PCE, lactate, oxygen, Biol, Bio2, and BioT were 1, 200, 8, 0.6,
0.06, 0.66 mg/L, respectively. All other species concentrations started at zero. The
organic acids, hydrogen, and methane results are the same as shown in Figure 39.
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Figure4l. Dechlorination of PCE Using the Parameter Values Shown in Table 45 — The initial
concentrations for PCE, lactate, oxygen, Biol, Bio2, and BioT were 1, 200, 8, 0.6,
0.06, 0.66 mg/L, respectively. All other species concentrations started at zero.
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Figure42. Concentrations of Organic Acids, Hydrogen, and Methane During Dechlorination of
PCE Using the Parameter Values Shown in Table 45 — The initial concentrations
for PCE, lactate, oxygen, Biol, Bio2, and BioT were 1, 200, 8, 0.6, 0.06, 0.66 mg/L,
respectively. All other species concentrations started at zero.
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9.0 Cometabolic Aerobic Dechlorination of Chloroethenes

9.1 Conceptual Model for Dechlorination Reactions

This reaction module describes aerobic cometabolic degradation of trichloroethene,
dichloroethene isomers, and chloroethene (vinyl chloride) by methanotrophs. The module
includes an explicit description of biomass growth in response to methane and oxygen and tracks
both active biomass (which is able to degrade methane and chlorinated ethenes) and total
biomass (a combination of active biomass and inactive biomass, the latter of which is not able to
degrade methane or chlorinated ethenes). Both types of biomass decay over time according to a
user-specified decay rate.  This reaction module does not account for changes in
porosity/permeability resulting from biomass growth, although the total biomass is also tracked
so that the modeler can assess the potential for biological fouling of the aquifer. If required,
macroscopic models for biomass-affected porous media properties [Clement et al., 1996] could
be combined with this module as a user-defined reaction module to account for changes in
porosity/permeability. The cometabolic chlorinated ethene degradation reaction is dependent on
the concentration of the chlorinated ethene compound and biomass, is inhibited by methane,
requires oxygen, and deactivates biomass (i.e., the module indirectly accounts for destruction of
the monooxygenase enzyme by the chlorinated ethene degradation intermediate epoxide
compounds). The reaction rate expressions are based on the approach of Semprini et al. [1991],
who reported kinetic expressions that include methane inhibition of chlorinated ethene
degradation. The rate of chlorinated ethene degradation is described with a "transformation
capacity" term [Alvarez-Cohen and McCarty, 1991; Chang and Alvarez-Cohen, 1996]
incorporated to represent the inactivation of enzyme as a function of the amount of chlorinated
ethene degraded. The module also allows the user to input the maximum concentration of
methane and oxygen in water, making it possible to model supersaturated conditions, if desired.

Table 46 lists the chemical species included in this reaction module. Figure 43 shows the
conceptual model describing the degradation reactions modeled in this reaction module.
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Table 46. Chemical Species Included in the Cometabolic Aerobic Dechlorination of
Chloroethenes Reaction Module

CAS" | Molecular Chemical
No. | Abbreviation® Chemical Name Selected Alternate Name | Registry | Weight©
Formula
Number (g/mol)
MET Methane — 74-82-8 16.04246 CH,

2 |OXY Oxygen (dimer) — 7782-44-7| 31.9988 0,
TCE Trichloroethene Trichloroethylene 79-01-6 | 131.38834 | C,HCl,

4 |DCE Dichlorocthene (all Dichloroethylene 156-59-2 | 96.94328 | C,H,Cly

isomers)

5 |VC Chloroethene Vinyl Chloride 75-01-4 | 62.49822 C,H;Cl
Tracer Conservative Tracer — N/A N/A N/A
BioA Active Biomass Active methanotrophs — 113.11458 | CsH,O,N

8 |BioT Total Biomass Active and inactive — | 113.11458 | CsH,0,N

methanotrophs

? These abbreviations refer to the specific chemicals listed here and should not be confused with different chemicals
that may use the same abbreviation in other reaction modules.

° CAS = Chemical Abstracts Service (see http://www.cas.org/EO/regsys.html)
¢ Based on International Union of Pure and Applied Chemistry values reported by Loss [2003].

N/A — Not Applicable
CH, Growth
BioA ::> o
o, ”

Inhibition Destroyed
VOC by CH, ’ vVOC
BioA E:>'
02
BioT
Endogenous
—EE
Biol Biol
BioT

BioT

Figure43. Conceptual Model for Biomass Growth, Decay, and Cometabolic Degradation
Reactions — Active biomass (BioA) grows, contributing to the total biomass (BioT).
Active biomass can destroy VOCs (i.e., TCE, DCE, and/or VC), resulting in
inactivation of a portion of the biomass (Biol). The rate of VOC destruction is
inhibited by the presence of methane. Biomass will also die and decay.
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The conceptual model for biomass growth and chlorinated ethene destruction requires the
presence of dissolved oxygen. Methane is metabolized by the active biomass to produce
additional active biomass. TCE, DCE, and VC are destroyed by active biomass, and in the
process, some of the biomass is inactivated. The TCE, DCE, VC destruction process is inhibited
by methane. Active and inactive biomass both decay at a user-specified first-order decay rate.

9.2 Reaction Equations

The reaction kinetics for the conceptual model described above are presented in Equations 150
through 157. These equations represent the change in concentration over time for the 8 chemical
species in Table 46. Table 47 provides a detailed itemization of all user-specified reaction
parameters used in this reaction module.

Active biomass is inactivated by the chlorinated ethene destruction reactions at a ratio defined by
the user-specified transformation capacity. Monod-like terms are used to implement methane
inhibition of chlorinated ethene destruction. A Monod term for methane represents its
importance to biomass growth. Similarly, a Monod term for oxygen is used to require the
presence of oxygen for both biomass growth and chlorinated ethene destruction. The rate of
chlorinated ethene destruction depends on the concentration of the chlorinated ethenes as well.
The rates of all consumption/destruction/growth reactions depend on the concentration of active
biomass. The active biomass and total biomass are restricted to have a concentration of at least
the user-specified minimum biomass. A logistic function is used to define fge; and fyecr as
fractional values ranging from 0.0 to 1.0 so that as biomass decays, the biomass concentration
smoothly approaches the specified minimum. Dechlorination is allowed to proceed to the point
where the active biomass is reduced to the minimum biomass concentration, but additional
restrictions on the inactivation of biomass (involving maxdx in Equation 156) prevent the active
biomass concentration from going below the minimum biomass. The maximum concentrations
of methane and oxygen are limited to the user-specified water solubilities. It is assumed that
additional methane or oxygen would volatilize and leave the system. The user can accommodate
super-saturation (i.e., using pure oxygen instead of air) by setting higher water solubility limits.

d[ dIET] = “Puer (150)
d[OXY]
- :_rMET'Ff%W (151)
d[TCE] [TCE] [OXY]

% Free Hrce . [Km N [MET]j e [K02 n [OXYJ maxdx (152)
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d[DCE DCE 0204

[dt ] = Tpeg = “Hpce - K —E[ME]T] .[K [+[01(Y]}'ma)6dx (153)

Kopes - ( J +[DCE] o
Km
148 yc oxYy
% = ~he =~y _ +[[M]ET] .(K [+ [O]XY]J - maxdsx (154)
Ky [ J +[VC] o
d[T};;zcer] =0.0 (Conservative [non-reactive] tracer.) (155)
t

% = Max(ry,,, —maxdx) (156)
d[BioT .

[dt ] :F)%/[ 'rMET _fdeCZ 'kdecay [BZOT] (157)

Where ryer , maxdx, and rgjoa are defined as in Equations 158 through 160, respectively.

. [MET] [OXY] 1
= .TBioA]- . .
Pver = Mg * [BIOA] (Km +[MET]] [Koz +[0XY]} [F)VM} (158)
maxdx = Max([BioA] — bio, , 0.0) (159)
Fas = For - Fupr = [ - K -[BioA]—( R j (160)
BioA — * X MET decl deca
. ' TCroy  TCpe;  TCpc

9.3 Required Input

The reaction parameters for this reaction module are made available to RT3D as part of the input
for the Reaction Package. The Reaction Package input file structure is discussed in the RT3D
manual and addendum [Clement, 1997; Clement and Johnson, 2002]. The 18 reaction
parameters that must be specified for this reaction module are listed in Table 47 in the required
order (ID Number) with units and a description. Site-specific knowledge from field data or
laboratory tests should be applied to determine an appropriate model configuration for reaction
parameters (i.e., the values and the spatial distribution).
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Table 47. Input Parameters for the Cometabolic Aerobic Dechlorination of Chloroethenes

Reaction Module
ID Fortran . a9
4 Parameter V;)riable Units Description
1 bioy bio 0 mg/L Minimum methanotroph biomass concentration
2 kgecay kdecay 1/day Decay rate for methanotrophs
3 Hmax uMax 1/day Methanotroph maximum growth rate
4 K, Km mg CH,/L Monod half-saturation coefficient for methanotroph growth
for methane
5 Koz Ko2 mg Oy/L Monod half-saturation coefficient for methanotroph growth
for oxygen
6 Krer Ktce mg TCE/L Monod half-saturation coefficient for TCE degradation
7 Kper Kdce mg DCE/L Monod half-saturation coefficient for DCE degradation
8 Ky Kvc mg VC/L Monod half-saturation coefficient for VC degradation
9 F 9, fom mol/mol Moles of oxygen consumed per mole of methane degraded
10 ¥, f X m mol/mol Moles of biomass formed per mole of methane degraded
mg TCE / Maximum specific TCE degradation rate coefficient per unit
11 Hrcr utce : . }
mg Biomass-day mass of active bacteria
mg DCE / Maximum specific DCE degradation rate coefficient per
12 Upcr udce 5 . . .
mg Biomass-day unit mass of active bacteria
mg VC/ Maximum specific VC degradation rate coefficient per unit
13 Uye uve . . :
mg Biomass-day mass of active bacteria
14 TCrer tctce mrgfg?fn]fa/ss Transformation capacity for TCE
15 TCper tcdce mrg?lB]i)ocr:r]fags Transformation capacity for DCE
16 TCye teve mol .VC / Transformation capacity for VC
mol Biomass
17 CH 40 maxmet mg/L Maximum methane concentration in water
18 Osax maxoxy mg/L Maximum oxygen concentration in water

9.4 Example Simulations

Simulations with this reaction module were conducted with RT3D in a batch reactor (no flow)
mode to show examples of how the reaction module simulates the pattern of dechlorination. The
parameter values for each example simulation are listed in Table 48. These parameters are
arbitrary values and are not directly related to any specific laboratory data. Site-specific values
would need to be determined as part of a calibration process. Results for these example batch
simulations are shown in the Figures 44 and 45, respectively.
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Table 48. Parameter Values for Example Simulations 1 and 2 with the Cometabolic Aerobic
Dechlorination of Chloroethenes Reaction Module

ID # | Fortran Variable | Value Units ID # | Fortran Variable | Value Units
1 bio 0 0.01 mgDW/L| 10 [fx m 0.0467 mol/mol
2 | kdecay 0.00018 1/day 11 | utce 4.2 mg TCE/(mg BioA-day)
3 uMax 0.7 1/day 12 | udce 3.1 mg DCE/(mg BioA-day)
4 | Km 1.10E-03 mg/L 13 |uve 2 mg VC/(mg BioA-day)
5 |Ko2 0.01 mg/L 14 | tctce 0.096 mol/mol
6 | Ktce 9.0E-03 mg/L 15 | tedce 0.26 mol/mol
7 | Kdce 6.8E-03 mg/L 16 |teve 0.41 mol/mol
8 | Kve 4.4E-03 mg/L 17 | maxmet 23 mg/L
9 |fom 1.767 mol/mol 18 | maxoxy 20 mg/L
18 25
16 T
14 N T+ 20
o —4—DCE T15 5
T‘f 1 vc | %
‘2 y —=&— active biomass ‘E
_g 08 total biomass 8
: e [ 108
S 061 5
8 g
0.4 ~— e 15
—_—
. g—
03 + 0
0 5 10 15 20 25 30 35
Time (day)

Figure44. Dechlorination of TCE Using the Parameter Values Shown in Table 48 — The initial
concentration for TCE, DCE, VC, methane, oxygen, active biomass, and total
biomass were 0.5, 5, 20, 0.1, and 0.1 mg/L, respectively.
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Figure45. Dechlorination of VC Using the Parameter Values Shown in Table 48 — The initial
concentration for VC, methane, oxygen, active biomass, and total biomass were 0.5,
5, 20, 0.1, and 0.1 mg/L, respectively.
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Summary

A flux plane software utility called rtFlux was developed as a Microsoft® Excel®-based pre- and
post-processor for a RT3D simulation. The rtFlux utility provides a method for the user to
determine the mass flow of chemical species across one or more grid-orthogonal planes over
time. Mass flow results are presented as time series plots and as plots showing the spatial
distribution of the relative mass flow within a given plane. This document discusses how to
install and use the rtFlux software, the calculations that are performed, and gives some examples
of the application of the rtFlux utility.






Acknowledgment

This document is a product of the Monitored Natural Attenuation / Enhanced Attenuation for
Chlorinated Solvents Technology Alternative Project (MNA/EA Alternative Project). The
MNA/EA Alternative Project was sponsored by the U.S. Department of Energy (DOE) Office of
Cleanup Technologies and administered by the U.S. Department of Energy Savannah River (SR)
Operations Office. The authors appreciate the guidance and support of Claire H. Sink of DOE
Headquarters and Karen M. Adams of DOE SR. The authors thank Brian Looney and Karen
Vangelas of Savannah River National Laboratory and the MNA/EA Alternative Project
Technical Working Group for their review and feedback on the work documented here.

Microsoft, Excel, and Windows are either registered trademarks or trademarks of Microsoft Corporation in the
United States and/or other countries.

Intel and Pentium are registered trademarks of Intel Corporation.

IBM is aregistered trademark of IBM Corporation in the United States.



Vi



Contents

Sl 00007 TSP STRRTRIN i
o g0V =0 o 101 | S v
O [ 01T [FTox 1 o o TSP USSP 1
2.0 INSEAIEEON OF MEFTUX ..o 3
2.1 SySIEM REQUITEIMENLS. ....cceiiuierieeiereesieeieseee et se e s e st sseesbesstesseesseebesseesbeensesneesseensesneas 3
2.2 INSEAHBLION ... e nr e e 3
2.3 Uninstaling the rtFIUX ULHITY .......ooeeiei e 3
24 Updating tO @NEW VEISION.......coiiiieiieie ettt st e s e e nee e e sne e 4
3.0 USING the FIFIUX ULHTITY .ot et 5
3.1 Creating artFlux WOrkDOOK ...........ccooiiiiiieiiiseee e e 5
3.2 Saving and Opening artFlux WOorkbDOOK............coceiiriiiiiiineee e 6
3.3  Description of the rtFlux Toolbar [teMS..........cocoieeiiirneeeeee e 6
3.4  Defining and Exporting Flux Plane Definitions...........cccoceierieneeninin e 7
3.5 Processing and Viewing Flux Plane ReSUILS..........coov i 9
4.0 Calculation of FIuX Plan@ RESUILS...........cceiiiirieiiereesereeeene e 15
5.0  EXAMPIEUSAgE .....ueeieeie it eeseeste ettt e sttt te et e s e ae e s se e beeneesreenneenaenneeteeneennen 17
5.1 SIMPIEEXAMPIE ..ottt re e 17
5.2 MuUltilayer EXAMPIE........ociiiee ettt 24
6.0  REFEIENCES. ..o e 29

Vil



viii



10.

11.

12.
13.
14.
15.

16.
17.
18.
19.
20.
21.

Figures

Toolbar for the IFIUX ULHTITY .....ceeceeece e 6
The rtFlux Plane Definitions Are Specified Using This Data Entry Layout on the
"IEFIUX_INPUE" WOTKSNEEL........coniee e 8
The Time-Varying Mass Flow Rate Plot on the "Graphs' Worksheet ... 10
Example of a Bubble Plot Showing the Relative Magnitude of Mass Flow Rate for a
Specified Plane at a Particular Time Point in the Simulation............cccccoeevieinnennee. 11
Example of the Summary Table for Cumulative Mass Flowing Through Each Plane on
the "Graphs’ WOIKShEEL ...........oiveecesecee e 12
Partial Example of the"Mass Flow_Data" Worksheet, Where Data for the Mass Flow
s (ST ISR (0= o SRS 13
Partial Example of the "Cumulative_Mass Data' Worksheet Holding the Data for Net
Cumulative Mass Passing Through the Plane...........cccccovveeveeie e 13
Partial Example of the "Cell_Data" WOrkShEet...........ccoveeereereerceese e 14
Depiction of Mass Flow Through the Grid Cells That Comprise an Entire Plane.............. 16
The Scenario for the Simple Example Showing the Uniform Hydraulic Gradient,
Boundary Conditions, and the "Spill" LOCALION ..........cccceverierieeiieeie e 17
Locations of the Four Flux Planes Used in the Simple Example and the Observation
Point for Time Series Concentration PlOtS..........ccoovieinieereneee e 18
Plane Definitions For The Planes Shown IN Fgure 11.........coocoveeiineinenieneeseee e 18
Concentration Contours After 730 Days for the Contaminant Component............ccccceeeene. 19
Concentration Contours After 730 Days for the Oxygen Component.............cceeeveereeeennens 19
Time Series Data Plots for Contaminant and Oxygen Concentrations at the Observation
1 | SO P PP R 20
Plot of the Mass Flow Rate of Contaminant Across Plane #1 as a Function of Time........... 20
Plot of the Mass Flow Rate of Contaminant Across Plane #2 as a Function of Time........... 21
Plot of the Mass Flow Rate of Contaminant Across Plane #3 as a Function of Time........... 21
Plot of the Mass Flow Rate of Contaminant Across Plane #4 as a Function of Time........... 22
Plot of the Mass Flow Rate of Oxygen Across Plane #1 as a Function of Time................... 22
Plot of the Mass Flow Rate of Oxygen Across Plane #2 as a Function of Time................... 23



22. Plot of the Mass Flow Rate of Oxygen Across Plane #3 as a Function of Time................... 23

23. Plot of the Mass Flow Rate of Oxygen Across Plane #4 as aFunction of Time................... 24
24. Plan View of the Multilayer Example Showing Initial Conditionsin Layer 33, the

Location of Flux Plane #1, and the P&T WEIS........ccceovvieiieiecieceee e 25
25. Definition of the Planes for the Multilayer EXample.........cccooeveiieniece e 25

26. Mass Flow Rate and Cumulative Mass to Pass Through a Plane for the Two Scenarios
of the Multilayer EXamMPle........ccvoiee e 26

27. Contaminant Contours After 25.5 Y ears for the Scenarios of (A) Natural Attenuation
Only and (B) Pump-And-Treat; the Pump-And-Treat System Was Discontinued
ATTEN IS TIME .. e bbb s nes 26

28. Relative Volumetric Flow Rate at Flux Plane #1 on Simulation Day 10000 of the
Multilayer Example "NO ACtION" SCENAIMO ......coiuvreerierieenieseerie e neeas 27

29. Relative Contaminant Concentration at Flux Plane #1 on Simulation Day 10000 of the
Multilayer Example "NO ACtION" SCENAMIO ....c.ccvuereerieeieseeseesieseeseeseesreesseenaesneeseens 28

30. Relative Mass Flow Rate at Flux Plane #1 on Simulation Day 10000 of the Multilayer
Example "NO ACHION" SCENAIMO .....covueeieeieiiesiee ettt ne s 28



Tables

1  Functionality of the rtFlux Toolbar BULLONS...........cccoeceiieieciesece e
2  File Structure for the *.iob File, Containing Flux Plane Definitions...........ccccevvevvvvevieenene
3 List of Worksheetsin artFlux WOrkbDOOK ...........cccooiviiininiieese e

Xi



Xii



1.0 Introduction

Monitored natural attenuation (MNA) is an environmental management strategy that relies on a
variety of attenuation processes to degrade or immobilize contaminants and is implemented at
appropriate sites by demonstrating that contaminant plumes have low risk and are either stable or
shrinking. Numerical modelling can be one component of an assessment of MNA or Enhanced
Attenuation (EA) (i.e., if MNA is not a viable single remedy). Numerical reactive transport
modelling provides a tool with which to quantify the relative stability of a contaminant plume,
particularly in cases where ssimpler evaluations are not suitable because of complex hydrology,
past activity at the site, multiple contaminant sources, and/or complex reaction of multiple
species. Selection of an appropriate model configuration to represent spatial and temporal
variations in site-specific attenuation processes can facilitate assessment of the contaminant
loading and attenuation capacity (i.e., mass balance) at the site.

RT3D is a numerical code for simulating three-dimensional multi-species reactive transport in
groundwater [Clement, 1997; Clement et al., 1998; Clement and Johnson, 2002; Johnson et al.,
2006a]. RT3D can provide information to help analyze the relative importance of different fate
and transport processes at an individual site and assess the plume in terms of a mass balance
approach. The model can aso be used to estimate the future fate and transport of contaminants.
These predictions can be valuable input, along with other site information, in making timely
decisions regarding implementation of remedial actions or for planning monitoring activities. A
key function of the predictive capability of models is to estimate whether the remedy will meet
the remediation goals when this determination cannot be made directly with field data.

The typical output from numerica modelling is the spatia distribution of contaminant
concentration as time progresses. Such concentration information is the primary metric in
determining the success of a remediation scenario with respect to the goal of protecting
receptors. However, the mass flux (flow) across a specified plane can provide additional
information for making remediation decisions. Mass flux can be a useful indicator of the
potential for MNA. Evaluation of the temporal changes in mass flux can revea the nature of
plume migration (expanding, steady state, shrinking) and the time frame to reach a steady state.
The mass flux can also be used in quantifying contaminant plume dynamics and the impact of
treatment processes. The mass flux from a contamination source defines the amount of
attenuation (natural or otherwise) that will be required for aremedy protective of the receptors.

A flux plane software utility called rtFlux was developed as a Microsoft® Excel ®-based pre- and
post-processor for a RT3D simulation. The rtFlux utility provides a method for the user to
determine the mass flow of chemical species across one or more grid-orthogonal planes over
time. Mass flow results are presented as time series plots and as plots showing the spatial
distribution of the relative mass flow terms for a given plane.



Flux planes of interest are defined as rectangular regions that are orthogonal to the model grid
(i.e., the plane is aligned paralel to a row, column, or layer of the model grid). The pre-
processing step incorporates the flux plane definitions into the RT3D input files. After running
RT3D, the output files are processed by the utility to generate three graphs that describe the mass
flux across the plane. Thefirst plot shows the time-varying mass flow rate (e.g., kg/day) of each
chemical species passing through one of the defined planes. The second plot depicts the
cumulative mass that has passed through a plane over time. The underlying data for this plot can
be interrogated to obtain a table listing the mass passing through the plane during a specified
time interval. The third plot generated from the rtFlux utility is a bubble plot depicting the
relative volumetric flow rate, species concentration, or mass flow rate through a plane at each
grid cell in a plane. This bubble plot shows the location where the highest mass flux impacts
occur, whether due to high volumetric flow rate or a high concentration (or combination of both).

This document discusses how to install and use the rtHux software, the calculations that are
performed, and gives some examples of the application of the rtFlux utility.



2.0 Installation of rtFlux

The rtFlux utility is implemented in two key pieces — a processing engine and a user interface.
The processing engine is an executable file that does the behind-the-scenes work of modifying
the RT3D input files and processing results. The user interface portion of the rtFlux utility is
provided as a Microsoft® Excel® template workbook (*.xIt) and is where the user interaction
takes place.

2.1 System Requirements
The following hardware and software are required to use the rtFlux utility:
« IBM®-compatible personal computer with an Inted® Pentium®-compatible
Processor or greater,
» Monitor resolution of at least 1152 x 864 pixels
« Microsoft® Windows® 2000 or Microsoft® Windows® X P operating system,
« Microsoft® Excel® 2000 or Microsoft® Excel® 2003,
» RT3D version 2.5 or greater
* MODFLOW (any version compatible with RT3D)

2.2 Installation

To make the rtFlux interface available in Microsoft® Excel®, the template file must be placed (or
saved) into the "Templates' directory. The "Templates' directory is typicaly found in the
directory tree at "C:\Documents and Settings\<username>\Application Data\Microsoft\Templates" for
recent versions of Microsoft® Windows®, where <username> is the actual user name of the
current Windows® user. A hard drive search may be helpful in determining the actual location of
the "Templates' directory.

The processing engine (rtFlux.exe) must be placed in a directory that is in the Windows® system
search path (defined by the %PATH% environment variable — see your Windows® documentation
for information on editing environment variabl es).

2.3 Uninstalling the rtFlux Utility

To uninstall the rtFlux utility, remove (move or delete) the rtFlux template file from the
"Templates' directory. Thiswill remove it from the list of document templatesin the File/New...
dialog box. Removal of the rtFlux.exe file from the directory where you originally placed it will
complete the uninstallation.



2.4 Updating to a New Version

Each version of the rtFlux template file will have a unique filename to identify the version of the
template (e.g., "rtFlux_1 0 _0.xIt"). To update to anewer version, the new template file is placed
into the "Templates' directory. If desired, the old template file may be removed from the
"Templates" directory. New versions of the processing engine will have the same name as the
old version and should directly replace the old version.



3.0 Using the rtFlux Utility

The rtFlux software utility is both a pre-processor and post-processor for a RT3D simulation.
The user is assumed to be familiar with both MODFLOW [McDonald and Harbaugh, 1988;
Harbaugh et a., 2000; Zheng et al. 2001; Harbaugh, 2005] and RT3D [Clement, 1997; Clement
et a., 1998; Clement and Johnson, 2002; Johnson et al., 2006a] as well as the process of defining
a model, running the numerical codes, and accessing the resultant output. While MODFLOW
and RT3D models are often configured and run from within a third party graphical user interface
such as GMS [BYU, 2006], Visua Modflow [WHI, 2005], PMWIN [Chiang, 2005], or
Groundwater Vistas [Rumbaugh and Rumbaugh, 2004], the rtFlux software runs external to
these groundwater modelling software packages.

The following list summarizes the steps for using the rtFlux utility with an RT3D simulation.
Subsequent subsections describe specific actions and the rtFlux toolbar in more detail.

 Configure the MODFLOW mode for the site and run MODFLOW. The MODFLOW
model must use the LKMT Package [Zheng et al., 2001].

 Configure the RT3D model for the site and save/export the configuration to the RT3D
input files.

« In Excel®, create a new rtFlux workbook by selecting the File/New... menu item and
opening the rtFlux template file as a new workbook.

» Add datato the "rtFlux_Input" worksheet to define the basic model configuration and the
locations for flux planes.

* Export the plane definitions. This will modify the RT3D *.btn input file; any existing
observation points in the *.btn file will be deleted. Note that if the RT3D input files are
saved/exported from a groundwater modelling software package, the exported plane
definitions will be lost.

« Run RT3D. This may be done from within Excel®, from within a groundwater modelling
software package (as long as files aren't saved/exported as part of the run command), or
from the command prompt (DOS window).

« In Excel®, initiate the action to process the RT3D simulation results and import the flux
plane data into the rtFlux workbook. Depending on the size of the model, it may take a
while to process the RT3D simulation results. Once the flux information is imported, the
user may assess the results displayed on the "Graphs' worksheet.

3.1 Creating artFlux Workbook

To generate a new rtFux workbook, the rtFlux template file is opened from the File/New... menu
item. This will create an empty, unsaved document with al of the necessary functionality and
will make an "rtFlux" toolbar available. The new document can be saved and subsequently
opened in the same manner as any other Microsoft® Excel® workbook.



3.2 Saving and Opening a rtFlux Workbook

When first created, a rtFlux workbook is not automatically saved, so the user will need to save
the file. When creating or re-opening a rtFlux workbook, the user may receive a message that
the workbook contains macros. There are several macros in the rtFlux workbook that are
required for calculations to work properly, thus the user should select the "Enable Macros"
option. Newer versions of Microsoft® Excel® have additional security options found under the
Tools/Macro/Security... menu item. If "High Security" is selected, then all macros are disabled
by default (with no user prompting) and the rtFlux workbook will not operate correctly. The
user should check the security settings and change to "Medium Security”" to allow the user to
confirm, on an individual workbook basis, whether macros should be enabled or not.

If the user opens a rtFlux workbook with macros disabled, a non-functional rtFlux toolbar will
appear. This non-functional rtFlux toolbar must be removed manually from the Microsoft®
Excel® workspace before the user can once again use a rtFlux workbook properly. To remove
the toolbar, close all open rtFlux workbooks and del ete the toolbar from the toolbar list shown in
the "Customize" dialog box (opened by right clicking on any toolbar and selecting " Customize"
or viathe Tools/Customize... menu item).

3.3 Description of the rtFlux Toolbar Items

Whenever a rtFlux workbook is created or opened, the "rtFlux" toolbar will appear in the
Microsoft® Excel® workspace. When the last rtFlux workbook is closed, the rtFlux toolbar will
disappear. Figure 1 shows the rtFlux toolbar and the toolbar button functionality is described in
Table 1. To insure integrity of the rtFlux utility, do not ater the rtFlux toolbar by adding or
removing buttons via the Tools/Customize... menu item. Modification of the rtFlux toolbar may

cause the associated functions to fail.
rtFlux B

T
:'? S0

Figurel. Toolbar for the rtFlux Utility — From left to right the toolbar buttons are:  Modify
the BTN File to Incorporate Flux Plane Definition(s), Run RT3D, and Process Flux
Output and Read Into Excel.



Table 1. Functionality of the rtFlux Toolbar Buttons

Button Description

This button activates a procedure that examines the plane definitions for

Export Plane Definitions validity, exports the plane definitions to a *.iob file, and runs the rtFlux

:'? engine to incorporate the plane definitions into the *.btn file for the
simulation.

Run RT3D This button initiates a RT3D simulation run. MODFLOW should have been
RT previoudy run. RT3D will run for valid model input files regardless of
=D

whether flux plane definitions have been exported or not.

This button will start the rtFlux engine to process the RT3D simulation

output and generate the flux data; this step may take a while to complete

'.E.Ei depending on the size of the model. Once the flux data is generated, it is
read into the workbook and the plots are set up.

Import Results

3.4 Defining and Exporting Flux Plane Definitions

To obtain the mass flow through a plane over time from a RT3D simulation, the user must define
the flux planes of interest on the "rtFlux_Input” worksheet (Figure 2). Light blue cells on the
"rtFlux_Input" worksheet indicate the information to be supplied by the user. Basic information
about the model (number of rows, columns, and layers) and the number of flux planes that will
be defined are the first items to fill in. The flux planes must be defined as orthogonal to the
grid—that is, each plane must be paralel to arow, column, or layer. Flux planes are defined asa
rectangular area by specifying the grid cell indices of opposing corners. In effect, this defines
the starting and ending rows, columns, and layers for the plane. The standard convention of cell
index numbers is used, where the numbers increase from the upper left cell of the top layer (in
plan view) to the right (for columns), to the bottom (for rows), and down (for layers). If the
plane definition is ambiguous as to the orientation, the user must specify the type of plane (i.e,
XY, XZ, or YZ). Each plane is assigned a group identification number automatically, which
should not be modified by the user. The Plane Identifier data entry field alows the user to
annotate each plane with a name or brief description, but is not actually used elsewhere. Units
used in the ssmulation need not be specified to export the plane definitions, but they are required
for importing results.




NCOL:

NROW:

NLAY:

Number of Planes:

1

Conc'n Mass Units:

BTN File:

Conc'n Volume Units:

RT3D Superfile:

Cubic Grid Length Units:

LMKT Output File:

Simulation Time Units:

10B File:

Conversion Factor:

Unit Definitions J

Upper Left Corner Cell

Opposing Corner Cell

Plane Identifier

COL | ROW | LAY

COL | ROW | LAY

Group ID | Plane Type |
[

Figure 2. The rtFlux Plane Definitions Are Specified Using This Data Entry Layout on the
"rtFlux_Input" Worksheet — The lighter blue shading indicates information that must
be filled out by the user. The lower block expands to accommodate the number of
planes that the user wants to define.

Once defined, plane definitions can be exported to an existing RT3D simulation using the
"Export Plane Definitions' button on the rtFlux toolbar. In the export process, the plane
definitions are validated, exported to an *.iob file, and then incorporated into the *.btn RT3D
input file via the rtFlux engine. This process takes place automatically aside from the user
specifying the location and names for the *.iob file and the *.btn file (which should both be in
the same directory). When plane definitions are exported, any existing observation points in the
* btn file will be deleted. Note that if the RT3D input files are saved/exported from a
groundwater modelling software package, the exported plane definitions will be lost.

Because the *.iob file is generated automatically, the user will merely need to know that the file
is created and that it needs to be saved to the same directory containing the RT3D simulation
input files. However, for completeness, the structure of the ASCII text *.iob file is described in
Table 2.

Table 2. File Sructure for the *.iob File, Containing Flux Plane Definitions

Record | Conditionsfor Record Field(s) Field Description(s) Format
H1 — NPLANE | number of planes defined 110
H2 Repeat this record COLS Starting column of plane 7110

NPLANE times. COLE Ending column of plane
ROWS Starting row of plane
ROWE Ending row of plane
LAYS Starting layer of plane
LAYE Ending layer of plane
GRP Group 1D number for this plane
PTYPE Plane type (XY, XZ, YZ) ID number

Once the flux plane definitions are successfully exported, RT3D may be executed by the most
convenient method. The RT3D executable file must be in a directory that isin the system search
path to run RT3D via the rtFlux toolbar button in Excel®. RT3D may be run from within a
groundwater modelling software package as long as the run command does not save/export the
RT3D input files. More advanced users may prefer to run RT3D from s command prompt (DOS



window). Note that data for the flux plane utility is recorded for every transport step, meaning
that the RT3D output files (*.obs) may be large for long or complex simulations.

3.5 Processing and Viewing Flux Plane Results

After running RT3D to produce simulation results, the results can be processed and flux
information imported to the rtFlux workbook. The Import Results button on the rtFlux toolbar
activates the rtFlux engine to process the RT3D output and generate flux-related data. This step
may take a while, depending on the size of the RT3D model (in terms of grid size, number of
chemical species, and total simulated time). The user must specify the LKMT output file from
the MODFLOW simulation (e.g., *.hff, *.flo) and confirm the *.btn file to use.

Data for the flux planes are imported to tables on a number of worksheets (see Table 3). The
"Graphs" worksheet is of primary interest to the user, as it contains the compiled data in three
plots and a summary table. Thefirst plot (Figure 1) shows the time-varying mass flow rate (e.g.,
kg/day) of chemical species at the defined planes. The user may select the chemica species
and/or flux plane to display from a drop-down list at the worksheet cells in light blue. The
direction of net mass flow is determined by knowing the type of plane (XY, XZ, or YZ) and
whether the values are positive (flow in the +x, -y, or -z direction) or negative (flow in the -x, +y,
or +z direction). The plot of cumulative mass passing through a plane over time has options
similar to those for the mass flow plot.

Table 3. List of Worksheets in a rtFlux Workbook

Worksheet Information Contained on Wor ksheet
rtFlux_Input Flux Plane Definitions
Graphs Graphs & Tables of Flux Utility Results
Mass Flow Data Datafor the Mass Flow Plot
Cumulative Mass Data Datafor the Cumulative Mass Plot
Cell_Data Datafor the Bubble Plot
Cumulative_ Mass Positive Direct Datafor the Cumulative Mass Table
Cumulative_Mass_Negative Direct Datafor the Cumulative Mass Table
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Figure 3. The Time-Varying Mass Flow Rate Plot on the "Graphs' Worksheet — The user may
select which species and which plane to view (including all at once) via drop-down
selection lists. The cumulative mass flowing through the plane plot is also on the
"Graphs' worksheet and is configured similarly.

Figure 4 shows an example of the third plot generated by the rtFlux utility. This bubble plot
depicts the relative volumetric flow rate, species concentration, or mass flow rate through a plane
at each grid cell in aplane. The user may select the parameter, the species, the plane, and the
simulation time to display in the bubble plot. Because Excel® islimited in the number of rows of
data that may be imported, not al transport time points may be imported. The rtFlux utility
imports cell-by-cell data for the bubble plot at regularly spaced time points, the frequency of
which depends on the total number of grid cellsin all the planes and the total number of transport
time points. The bubble plot shows the spatial distribution within the plane where the highest
mass flux impacts occur. The highest mass flow may be due to a high volumetric flow rate, a
high concentration, or a combination of both. The bubbles represent the relative magnitude of
the displayed parameter and are scaled relative to the maximum of the entire dataset so changing
to a different time point will show the proper relative change in parameter values. The user
should be aware that the scaling might cause bubbles for low parameter values to disappear
because the relative magnitude is so small. The graph properties can be modified by the user to
make small values visible as bubbles at the expense of causing large bubbles to overlap. The
bubble plots show the distribution of parameter values in the plane for a uniformly spaced grid.
Non-uniform grids or deformed grids will be displayed within auniform grid.
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Figure4. Example of a Bubble Plot Showing the Relative Magnitude of Mass Flow Rate for a
Soecified Plane at a Particular Time Point in the Smulation — Drop down lists allow
the user to select the property (also including volumetric flowrate and concentration),
plane, and time to display. The bubble sizes are scaled relative to the largest valuein
the simulation so that the size shows the proper relative magnitude when looking at
different time points.

A summary table of cumulative mass passing through each plane for each speciesis included at
the bottom of the "Graphs" worksheet. This table shows the mass moving in both positive (+x,
-y, or -z) and negative (-x, +y, or +z) directions as well as the net cumulative mass passing
through each plane (which is what is plotted in the cumulative mass plot). Mass may flow in
both directions through a plane depending on the steady state or transient flow characteristics at
the location where the plane is defined. Start and end times at points within the time frame of the
simulation may be selected via drop-down lists to view the cumulative mass for a specified
period. Anexample of this summary table is shown in Figure 5.

11



[ Begin Time: | 0]

| End Time: | 24820] Cumulative Mass Flowing Through Plane
Total Mass | Total Mass
Thru Plane | Thru Plane | Net Mass
Specie #| Plane # | in Positive | in Negative [ Thru Plane
Direction Direction (kg)
(kg) (ka)
2091799 -0.353| 2091799
15143.47| -2422723( -2407580
3.08163| -1210683| -1210680
743.8011| -2517156( -2516413
52427.44| -226410| -173983

Figure5. Example of the Summary Table for Cumulative Mass Flowing Through Each Plane
on the "Graphs' Worksheet — This table shows the mass moving in both positive (+X,
-y, or -2) and negative (-x, +y, or +2) directions as well as the net cumulative mass
passing through each plane. The user may select the start and end times to apply to
the table to view the cumulative mass for a specified period.

PR PR R
ahwWN R

The remaining worksheets in the rtFlux workbook (Table 3) contain the root data on which the
plots and summary table are based. Figures 6 to 8 show partial examples of data on the
"Mass Flow_Data," "Cumulative Mass Data," and "Cell_Data" worksheets, respectively. The
"Cumulative_ Mass Positive Direct" and "Cumulative Mass Negative Direct" worksheets are
configured the same as the "Cumulative Mass Data" worksheet, but contain cumulative mass
moving in the positive and negative directions, respectively, instead of the net mass passing
through the plane. The user will not typically need to interact with these worksheets. However,
the "Cell_Data" worksheet is configured to allow data filtering to make interrogation of the cell-
by-cell data set more convenient. Note that filtering of the cell-by-cell data will impact what is
displayed in the bubble plot.

12



Number of Time Steps: 2608
Number of Planes: &
Number of Species: 1
Mass FLOW RATE
(kg / day) Plane # 1|Plane # 2|Plane # 3|Plane #4|Plane #5
Specie # | Specie # | Specie #| Specie # | Specie #
1 1 1 1 1
Elapsed Time Sp1.P1|Sp1,P2|Sp1.P3|Sp1.P4|Sp1.P5
01 123.308] -354394] -57582| -598.777] -50.8043
101 123.4393| -38 6626 -575.909] -598.461| -51.507
201 123.5704| -58.8823| -575.987] -598.186| -52.0471
301 1237011 -539.0995) -576.057] -597.931| -52472
401 123.8316] -39.3148] -576.126] -597 695] -52.8111
g0 123.9617| -39.5284| -576.192] -597 463| -53.0864
601 124.0917| -39.7405| -576.258] -997.24| -53.3122
TOA 1242211 -539.9513| -5976.323] -597.018| -53.4991
801 1243503 -401609] -576.39] -596.7958| -53 6538
901 1244791 -40.3693] -576.457] -596.581| -53.7818
1001 124 6076| -405767| -576.524] -396.363| -53.8861
1101 1247361 -40.7832| -576.891] -396.144| -53.9704
1201 124.8642| -409888| -576.657| -595.924| -54 0365

Figure6. Partial Example of the "Mass Flow_Data" Worksheet, Where Data for the Mass

Flow Rateis Sored

NET CUMULATIVE MASS

{kg) Plane # 1|Plane # 2|Plane # 3| Plane # 4|Flane £ 5
Specie # | Specie # | Specie # | Specie # | Specie #
1 1 1 1 1
Elapsed Time Sp1.P1|Sp1.P2|Sp1,P3|Sp1.P4|Sp1,FP5
0.1 6165401 -1.92197) -28.791] -28.59388] -2.54022
101 1239902 -387.432] -5787 45| -6016.13] -514.097
200) 2474951 -775157) -11546.9] -11889.4) -1031.87
301 3711.5308] -1165.07) -17307.1] -17979.9] -1554 46
401 4943971 -1557.14 -23068] -23858.1] -2080.88
0.1 6187 .938] -1851.35] -28829.6] -28933.9] -2610.37
BO.T| 7425205 -2347.7] -34591.9] -35207 4] -3142.36
701 86697659 -2746.16] -40354.8] -41878.7] -3676.42
0.1 9912 626] -3146.72] -46118.4] -47847.7] -4212.18
901 1115677 -3548.37] -51882.6] -53814.6] -4749.36
1001 1240221  -3924.1] -57647 58| -29779.4] -5287 7
110.1] 13648.953] -4360.9] -63413.1| -65741.9] -5826.98
120.1] 14896.95| -4769.76] -69179.5| -71702.2] -6367 .02

Figure7. Partial Example of the "Cumulative_Mass Data"

Net Cumulative Mass Passing Through the Plane
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Worksheet Holding the Data for




NOBS:| 5082 |

CELL-BY-CELL DATA
Flow [=] ft*/ day
Conc'm [=] mg/L
Mass Flow [=] kg / day

ConcentrationMass Flow
Elapsed | . | Flow K | J Volumetric Specie # 1 Specie #
Time v + |Directii» - v - Flow ~ - 1 -

01 1 2 27 137 123 007677077 0.000263013) 5.72E-10
01 1 2 27 137 124 0.08001004) 0000266013 6.03E-10
01 1 2 27 137 125 0.08311607 0.000279014) 6.57E-10
01 1 2 27 137 126 0.08608483] 0.000310019] 7.56E-10
01 1 2 27 137 127 0.08891378 0.00290927| 7.32E-09
01 1 2 27 137 128 0.09160565 0.00839974| 2.31E-08
01 1 2 27 137 129 00941678 0.0174664| 4 GEE-08
01 1 2 27 137 130 0.09680601 0.0318423] 8.66E-08
01 1 2 27 137 131 0.09392444 0.0534557 1.8E-07
0.1 1 2 27 137 132 010112538 0.0848355] 2 43E-07
01 1 2 27 137 133 0.10320929 012765 3.73E-07
0.1 1 2 27 137 134 010217428 0.18258] 9.44E-07
01 1 2 27 137 135 010701541 024897 7.57E-07
0.1 1 2 27 137 136 010872402 0.32865] 1.01E-06
01 1 2 27 137 137 0. 11028744 04167 1.3E-06
0.1 1 2 27 137 138 0.11168924 0.51103] 1.62E-06
01 1 2 27 137 139 0.11290935 0.e0OB04] 1.94E-06

Figure8. Partial Example of the "Cell_Data" Worksheet — This information is used for the
bubble plots of volumetric flowrate, concentration, and mass flow rate on an
individual cell basisfor a given plane.
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4.0 Calculation of Flux Plane Results

The RT3D flux plane utility software performs calculations on concentrations and volumetric
flow rates to obtain the net mass flows (e.g., kg/day) through a plane. The term mass flux or flux
plane is often mentioned, but differs from a mass flow in that a mass flux is a rate per unit area
(e.g., kg/day/m?). The current version of the rtFlux utility only provides mass flow results, but
the user can manually convert mass flow to mass flux based on the area of the "flux plane" (or
cross sectiona area of individual cells if such resolution is desired). Equations are presented in
this section for mass flow, mass flux, and the cumulative mass passing through a plane.

Equations 1 and 2 describe the mass flow and mass flux, respectively, for the portion of a plane
that intersects a single grid cell. Generic units are shown using mass (M), length (L), and time
(T). The tota mass to pass through the cross sectional area of a single grid cell for an
incremental time is calculated as the average mass flow rate times the time period (Equation 3).

MassFlow Ratefor thep” gridcell =m ,=C,,-Q.,,  [=]

M
T (1)

M, Y
= (2)

MassFlux for thep™” gridcell =J, , =

S, p

Incrementd Mass Passing Through
thePlaneinthep” GridCell = Am, = %- (i , — M, ,)- (T, = T,) [=] M (3)
Over an Incrementd Time

In these equations, C;, , is the concentration at the t™ transport time step for the p™ grid cell, Qi tp
is the volumetric flow rate of the groundwater along the i axis (X, Y, or Z — whichever is of
interest) at the t™ transport time step for the p™ grid cell, Acg, p IS the (saturated) cross sectional
area for the p™" grid cell, and Ty is the elapsed time at the t" transport time step. These equations
apply to a single cell based on the concentrations, volumetric flow rates, and cross sectiona
areas at the cell center. The concentrations are output from the RT3D simulation and the
volumetric flow rates are read from the MODFLOW LKMT Package output file.

Equations 4 to 6 provide overall/average values for an entire plane comprised of Ngg grid cells
having a total cross sectional area of Acs piane- Figure 9 depicts the combination of volumetric
flow (arrow size) and concentration (color of the boxes) to determine mass flow (thickness of the
boxes) for several grid cells and how this information is averaged to produce the result for a
plane.

15



N M
Total Mass Flow Ratefor Plane =, = > i, =] — (4)

p=1

m
AverageMass Flux for Plane = J = [=] M

AbS, plane T Lz

Incrementd Mass Passing
Throth the Plane = AI'T][ = % ' (mplaneA - mplane,t—l)' (Tt - Tt—l) [=] M ( 6 )
Over an Incrementd Time

Figure 9. Depiction of Mass Flow Through the Grid Cells That Comprise an Entire Plane —
The total mass to pass across the plane of a grid cell (depicted by the thickness of the
boxes) may vary because of differences in volumetric flow rate (size of arrows)
resulting from aquifer heterogeneity and/or hydraulic stresses and differences in
concentration (color of boxeswith red = high, blue = low).
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5.0 Example Usage

5.1 Simple Example

A simple example application of the rtFlux software utility is presented here. The scenario
involves a contaminant "spill” in a homogenous aquifer (represented by a single model |ayer)
with a uniform gradient, as shown in Figure 10. The contaminant (e.g., vinyl chloride)
undergoes aerobic degradation by aerobic direct metabolism. Thus, there are two chemical
species (contaminant and oxygen) for RT3D to track. The simulation model isasingle layer grid
with 51 cellsin the X direction and 31 cellsinthe Y direction. For this example four flux planes
were specified in the X and Y directions as show in Figure 11. Figure 12 shows the plane
definitions for these four flux planes. Figures 13 to 15 show standard RT3D results. The
resulting concentrations of contaminant and oxygen after 730 days of the ssmulation are shown
in Figures 13 and 14, respectively. Figure 15 shows time series plots for the concentrations of
contaminant and oxygen at the observation location. Figures 16 through 19 show plots of the
contaminant mass flow over time for planes 1 through 4, respectively, after post processing with
the rtFlux utility. Figures 20 through 23 show plots of the oxygen mass flow over time for
planes 1 through 4, respectively.

Head Values
21.0 20.9 20.8 20.7 20.6 205 20.4 20.3 20.2 201 20.0

L Constant Head, _ Constant Head _f
Constant Concentration
(Contaminant = 0.0 mg/L, Oxygen = 9.0 mg/L)

Figure10. The Scenario for the Smple Example Showing the Uniform Hydraulic Gradient,
Boundary Conditions, and the " Spill" Location
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Column Numbers
1 12 16 1920 51

13

310 m

16

19

Row Numbers

- 510 m -

Figure1l. Locations of the Four Flux Planes Used in the Smple Example and the Observation
Point for Time Series Concentration Plots

NCOL: 51 BTN File:
NROW: 31 RT3D Superfile:
NLAY: 1 LMKT Output File:
Number of Planes: 4 I0OB File:
Upper Left Corner Cell Opposing Corner Cell
Plane Identifier COL ROW LAY COL ROW LAY Group ID | Plane Type
20 19 1 20 13 1 1 YZ
16 13 1 19 13 1 2 XZ
16 20 1 19 20 1 3 XZ
12 13 1 12 19 1 4 YZ

Figure 12. Plane Definitions For The Planes Shown In Figure 11
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Contaminant After 730 Days

Contaminant
Concentration
(mglL)

90.0
50.0

-25.0 o .
100 Time|Series

5.0 S C VA Ot PG
[1.0
0.1

Figure 13. Concentration Contours After 730 Days for the Contaminant Component

Oxygen After 730 Days

Oxygen I Time Series

o " Observation Point

8.0

Figure 14. Concentration Contours After 730 Days for the Oxygen Component
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Figure15. Time Series Data Plots for Contaminant and Oxygen Concentrations at the
Observation Point

Time-Varying Contaminant Mass Flow Rate for Plane 1
1800

1600 -

1200 -
1000

800 /
600 /

Contaminant Mass Flow Rate (kg/day)

400
200 /
0 % T T T T T T T T T T T T T T T T T
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M © O N I 0O o I ~ O M O O N 1D O o < K~ O MM O O
I d 4 N N N O MmO 0O MO0 5 F 0L L o0 o0 o o~

Elapsed Time (day)

Figure 16. Plot of the Mass Flow Rate of Contaminant Across Plane #1 as a Function of Time
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Time-Varying Contaminant Mass Flow Rate for Plane 2
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Figure 17. Plot of the Mass Flow Rate of Contaminant Across Plane #2 as a Function of Time

Time-Varying Contaminant Mass Flow Rate for Plane 3
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Figure 18. Plot of the Mass Flow Rate of Contaminant Across Plane #3 as a Function of Time
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Time-Varying Contaminant Mass Flow Rate for Plane 4
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Figure 19. Plot of the Mass Flow Rate of Contaminant Across Plane #4 as a Function of Time

Elapsed Time (day)
Figure 20. Plot of the Mass Flow Rate of Oxygen Across Plane #1 as a Function of Time
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Time-Varying Oxygen Mass Flow Rate for Plane 2
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Figure 21. Plot of the Mass Flow Rate of Oxygen Across Plane #2 as a Function of Time

Time-Varying Oxygen Mass Flow Rate for Plane 3
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Figure 22. Plot of the Mass Flow Rate of Oxygen Across Plane #3 as a Function of Time
23



Time-Varying Oxygen Mass Flow Rate for Plane 4
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Figure 23. Plot of the Mass Flow Rate of Oxygen Across Plane #4 as a Function of Time

5.2 Multilayer Example

The simple example looked at the typical RT3D output, the configuration of flux planes, and the
time series plots for mass flow. The multilayer example discussed in this section is more
interesting with respect to the distribution of mass flow within the plane.

In this example, a rather large model is used to assess remediation scenarios for a single
contaminant. The source area for the site has been removed, but a dissolved phase plume
remains and is migrating downgradient towards receptors (Figure 24). Two simulations compare
the results of natural attenuation processes (no active remediation) to the scenario of installing a
pump-and-treat (P& T) system to intercept the bulk of the contaminant plume. The P& T system
is operated for 25.5 years, then the residual plume is allowed to naturally attenuate. Severa
planes are defined (Figure 25), but plane #1 (located just downgradient of the P& T system) is of
most interest for this comparison. The two scenarios were ssimulated using RT3D and the results
were processed with the rtFlux utility. Figure 26 shows the mass flow rate and cumulative mass
over time for plane #1. In the first scenario (no action) the mass flow through the plane is seen
to increase as the core of the plume passes by the plane and then decrease because the
contaminant source has been removed. In the second case, the P& T system effectively captures
the dissolved contaminant plume, with the mass flow through the plane being about 15 times less
than the "no action" scenario. When P&T is discontinued, the mass flow downgradient through
the flux plane resumes. The cumulative mass plots are functions of the mass flow through the
plane over time. For reference, contaminant contours for both scenarios are shown in Figure 27
at year 25.5.
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P&T System
Ext o Wells

Figure24. Plan View of the Multilayer Example Showing Initial Conditions in Layer 33, the
Location of Flux Plane #1, and the P& T Wells

NCOL: 293 BTN File:
NROW: 216 RT3D Superfile:
NLAY: 46 LMKT Output File:
Number of Planes: 5 I0B File:
Upper Left Corner Cell Opposing Corner Cell
Plane Identifier COL ROW LAY COL ROW LAY Group ID | Plane Type
123 137 27 190 137 46 1 Xz
109 166 28 109 193 46 2 YZ
224 68 1 224 125 15 3 YZ
196 68 1 196 125 15 4 Yz
152 68 1 152 125 25 5 YZ

Figure 25. Definition of the Planes for the Multilayer Example
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Figure26. Mass Flow Rate and Cumulative Mass to Pass Through a Plane for the Two
Scenarios of the Multilayer Example — In one case no action is taken (natural
attenuation only) and in the other P&T is applied. In both cases, the non-aqueous
phase liquid source was removed.

Flux Plane#

@ (b)
Figure 27. Contaminant Contours (ug/L) After 25.5 Years for the Scenarios of (A) Natural
Attenuation Only and (B) Pump-And-Treat; the Pump-And-Treat System Was
Discontinued After this Time

Data for bubble plots are available at regular time intervals. As an example, Figures 28 to 30
show the bubble plots of the volumetric flow rate, contaminant concentration, and mass flow
rate, respectively, at an elapsed time of 10000 days (~27 years) in plane #1 for the natural
attenuation only scenario. The displayed extent of plane #1 has been cropped to just beyond the
extent of the plume for presentation purposes. Above layer 31 there is a clay confining layer,
which is apparent from the grid cells with much smaller or no bubbles for volumetric flow
(Figure 28). A similar low conductivity zone exists in the bottom layers. The volumetric flow is
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relatively uniform within each of several zones of differing hydraulic conductivity. The
contaminant concentration (Figure 29) is distributed laterally around a high concentration core
near the center of the flux plane. The mass flow (Figure 30) is the product of the volumetric
flow rate and the concentration, thus exhibits a distribution with the highest mass flows at the
points of high concentration and high volumetric flow rate.

Columns

Layers

Figure28. Relative Volumetric Flow Rate (e.g., ft¥/day) at Flux Plane #1 on Smulation Day
10000 of the Multilayer Example "No Action" Scenario
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Figure29. Relative Contaminant Concentration (mg/L) at Flux Plane #1 on Smulation Day
10000 of the Multilayer Example "No Action" Scenario
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Figure30. Relative Mass Flow Rate (kg/day) at Flux Plane #1 on Smulation Day 10000 of the
Multilayer Example "No Action" Scenario
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